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I. INTRODUCTION 
Sewage contains mineral and organic matter in suspension, 
in the colloidal state and in solution. Removal or stabiliza­
tion of these matters may be accomplished at a sewage treatment 
works by physical, chemical and biological methods. The 
methods used will depend upon the type of sewage and the degree 
of treatment required, Settleable organic and inorganic ma­
terials in the raw, untreated sewage and settleable material 
from the biological portions of treatment processes are fre­
quently removed by gravitational sedimentation or filtration. 
Several methods of disposing of the solids which are removed 
are available. Solids disposal practice includes barging out 
to sea, burial, landfill, placing the solids on the land to 
improve fertility, incineration and wet combustion. The par­
ticular method used is determined by economic considerations 
and the characteristics of the sludge. The first stage in the 
preparation of the sludge for disposal is usually concentration 
which reduces the quantity of material to be handled. Concen­
tration increases the solids concentration in sludge by re­
ducing the liquid content. The liquid is removed by drying raw 
and biologically treated sludges on sand beds or using concen­
tration tanks or vacuum filtering the sludge. Combinations of 
the above methods are frequently used. A factor common to all 
the methods of preparing sludge for disposal is that they are 
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expensive. One of the less expensive and more successful of 
the methods is to treat the sludge biologically and to dry the 
treated sludge on sand beds. Two forms of biological treat­
ment are available, the one using micro-organisms which require 
molecular oxygen for their metabolic processes and the other 
using micro-^organisms which require oxygen in a combined form. 
It has been found uneconomical in practice to supply molecu­
lar oxygen to sewage sludge at normal concentrations at a rate 
sufficient to keep the system aerobic. For this reason the 
biological treatment of sewage sludge usually takes place 
under anaerobic conditions. The advantages achieved by bio­
logically treating sewage sludge may be illustrated by the 
differences in characteristics of raw sewage sludge and di­
gested or biologically treated sewage sludge. Raw sewage sludge 
is difficult to dewater, it is a potential odor nuisance, the 
organic content of the sludge is unstable, it contains patho­
genic organisms and when it is spread on soil It tends to clog 
the soil pores. Digested sewage sludge dewaters more readily, 
the odor problem is relieved to a large extent, the coliform 
count of sewage sludge digested for 30 days at 35°C to 38°C 
is reduced by 99,8 percent and the sludge is useful as a soil 
builder. The fertilizing value of digested sewage sludge is 
poor compared to commercial fertilizers. 
Recent research in the anaerobic digestion of sewage 
sludge has been directed towards two principal objectives: 
to Increase knowledge of the basic mechanism of the digestion 
process and to develop the process so that It Is more effici­
ent. The first objective has stimulated research in the bio­
chemical and biological events taking place in the digestion 
process. To the engineer, the second objective is of primary 
Importance because a more efficient process usually means a 
more economical process. One of the avenues of research is 
concerned with increasing the loading rates to anaerobic di­
gesters. Several methods have been tried and these are dis­
cussed in the Literature Review. One method would be to 
increase the solids concentration of the feed sludge to a 
digester by reducing the water content. This allows a longer 
time period for the solids to remain in the digester if the 
rate of solids loading remains unchanged. Alternatively, the 
detention time may be held constant and the loading rate to 
the digester increased. Although sludge concentration prior 
to digestion is used in many plants, little research has been 
directed towards evaluating the effect of varying the solids 
concentration in a digester on the treatment process. The pur­
pose of this dissertation is to determine the effect of the 
solids concentration inside a digester on the anaerobic diges­
tion process. 
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II. LITERATURE REVIEW 
A. Historical Development of Sludge Digestion 
Until the latter part of the nineteenth century almost all 
sewage was disposed of in one of two ways; it was discharged 
untreated to either the nearest body of water or to the nearest 
plot of available land. Problems were encountered with both 
methods. When the untreated sewage was discharged to a body of 
water, the water became polluted and a danger to the public 
health, unsightly sludge banks end scum bodies would form and 
in many cases foul odors would be emitted. The contaminating 
effects of sewage disposed in the area of shellfish farms were 
well known by the latter part of the nineteenth century. Dis­
charge of the untreated sewage on land created a public health 
hazard especially if there was some connection between the 
disposal location and the source of a domestic water supply. 
A great disadvantage of land disposal of sewage was the clog­
ging of the soil pores with the solids in the sewage rendering 
the soil impervious to percolation of more sewage. The land 
frequently was unsightly and odiferous (48). 
Many attempts were made to correct the poor state of 
sewage disposal and in the eighteen eighties the first major 
progress was made. In I858 the pollution of rivers in England 
was legally prohibited but the laws were loosely administered. 
In 1892 the Mersey and Irwell act was passed. This act was 
the first of several acts setting up Joint Committees composed 
of representatives from all the sanitary authorities bordering 
on a specific river. The Joint Committees succeeded to some 
degree in enforcing river pollution laws. Similar legislation 
against river pollution was being enacted on the Continent 
(39). In 1886 the Lawrence Experiment Station was established 
by the Massachusetts State Board of Health to advance the 
study of the purification of water and sewage (123), This was 
the first institution of its kind in the world. In the United 
States legislation to prevent river pollution came later. 
Probably the first serious effort in this direction was made 
by the U. S. Public Health Service in 1913 when it established 
a stream pollution Investigation station in Cincinnati, Ohio. 
Committees for the prevention of river pollution, similar to 
those organized in England, were set up on many of the rivers 
in the United States. In the 1940's and 1950*s legislation 
gave the U. S. Public Health Service the power to order com­
munities and industries to stop polluting interstate waters. 
The unfavorable effects of solids on sewage disposal 
methods gave rise to the practice of settling sewage to remove 
the solids. A sludge was produced in the settling process and 
this had to be disposed of. The cesspool was probably the 
first sewage settling tank to be used by man* Wastes were 
allowed to flow into it without control. Some solids would 
settle to the bottom where they would begin to decompose due to 
the action of anaerobic organisms and the supernatant liquid 
would either overflow or percolate Into the surrounding earth. 
The cesspool was merely used as a place to dispose of waste 
and any treatment action due to sedimentation and anaerobic 
action was not considered In Its design. A report (ll4) In 
1857 describes a tank designed by Henry Austin to retain solids 
by sedimentation. This tank had a capacity adequate to remove 
solids from the wastes from sizable towns. Austin did not 
appreciate the solids reduction which took place in the settled 
sludge by septic action. 
In France in i860, Louis H. Mouras developed the Mouras 
Automatic Scavenger which was virtually an overflow cesspool. 
Although not very successful, the Automatic Scavenger was de­
signed to remove solids from the sewage from individual house­
holds by sedimentation and to reduce the quantity of settled 
solids by anaerobic action. Many variations of the Automatic 
Scavenger were constructed; all with limited success (39). 
Plain settling was introduced in I89I as a preliminary sewage 
treatment process in Massachusetts, but few installations were 
made thereafter because of the difficulty of sludge removal 
and disposal. In 1900, there were some 62 sewage treatment 
plants in the United States and of these, two employed plain 
sedimentation, l4 employed some form of chemical treatment and 
46 plants made no attempt to remove suspended solids (123). 
The problem of removing sludge from settling tanks was not 
solved until I916 when the first mechanical sludge collecting 
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device was Invented by Dorr, who subsequently founded an equip­
ment company to service the waste treatment field. Previous to 
this time it was necessary to drain the sedimentation tank and 
to remove the sludge by hand. In 1900 the preparation of sew­
age sludge for ultimate disposal was accomplished mainly in 
two ways: the sludge was dewatered by drying on sand beds, or 
by filtration with expensive and messy plate presses. Drying 
on sand beds was a lengthy process with unfavorable weather 
conditions. As early as 1904 George Warren Fuller, a person 
with much foresight, indicated that sludge disposal would be an 
important and expensive item of waste treatment. 
In 1895 Cameron developed the septic tank to treat a por­
tion of the sewage from Exeter, England (94), The septic tank 
was regarded by many as the answer to all sewage treatment 
problems but Cameron regarded it only as a preliminary treat­
ment, The septic tank is defined as, "a horizontal, continuous 
flow, one story sedimentation tank through which sewage is 
allowed to flow slowly to permit suspended matter to settle to 
the bottom where it is retained until anaerobic decomposition 
is established, resulting in the changing of some of the sus­
pended organic matter into liquid and gaseous substances, and 
a consequent reduction in the quantity of sludge to be disposed 
of" (5). One of the first septic tanks installed in the United 
States was at Champaign, Illinois in 1897. A problem with the 
action of the septic tank was the buoying up of sludge by the 
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gas produced In the anaerobic action and the appearance of this 
sludge in the effluent. About 1906 Travis invented the Travis 
Hydrolytic Tank. The tank was divided into three compartments, 
two in which solids could settle and a third into which the 
settled solids moved to undergo anaerobic action. Gas bubbles 
from the sludge compartment rose and interfered with the settl­
ing action in the other two compartments. Dr. Karl ]Imhoff of 
Germany designed the first Imhoff tank in 1906. This tank was 
also separated into three compartments: a sedimentation cham­
ber, a digestion chamber situated below the sedimentation 
chamber and a scum chamber. A baffle was placed below the 
sedimentation chamber to prevent gas bubbles from the digestion 
chamber rising and interfering with the process of settling. 
Gas produced by anaerobic action left the tank through the scum 
chamber. The scum chamber was connected directly to the diges­
tion chamber (5).  
The Imhoff tank was introduced in the United States (5) in 
1909 and the first unit was constructed in New Jersey in 1911. 
The tank was used extensively almost immediately because of the 
patents on the Cameron Septic Tank which restricted their use. 
A disadvantage of the Imhoff tank was the depth of the tank, 
25 to 35 ft, and hence the high construction cost. The digest­
ion chamber of the Imhoff tank was usually designed to store 
sludge for 6-12 months. 
About 1915 the Kremer cell was invented in Germany. This 
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consisted of a sedimentation tank to which two chambers were 
attached. Sludge was removed from the sedimentation tank to 
the first chamber where digestion of the mixed sludge and sewa­
ge took place. Partially digested sludge from this chamber was 
transferred to the second chamber where It was allowed to re­
main under a layer of sewage until completely digested. 
H. W. Clark of the Lawrence Experiment Station suggested 
In 1899 that separate sludge digestion, i.e. the removal of the 
sludge from the sedimentation tanks to another tank where it 
could undergo anaerobic decomposition, might solve many prob­
lems of dealing with the sludge. A separate sludge digestion 
tank was tested in 1899 but the difficulties involved with the 
process were such that the Travis and Imlioff tanks were pre­
ferred. The advantages of separate digestion are many because 
the optimum conditions for digestion are not the optimum condi­
tions for settling. Knlebuhler in 1887 recommended removing 
sludge from septic tanks frequently and in a fresh condition to 
obtain a higher degree of treatment of the liquid. The first 
separate sludge digestion tanks were placed In service between 
1910 and 1912 at Birmingham in England, Baltimore in the U.S.A. 
and at the Essen-Relllnghausén plant in Germany. Prior to 
this time, sludge lagoons were used in England and America, 
The sludge remained in the lagoons for years and eventually 
digested and dried out. At Birmingham, the design capacity of 
the separate sludge digestion tank was 9.2 cu ft per capita and 
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at Baltimore the design capacity was 3.95 cu ft per capita. 
The sludge from the Imhoff tanks at the Essen-Rellinghausen 
plant was pumped to separate digesters daily. In the separate 
digesters the rate of anaerobic action did not equal that in 
the Imhoff tank. The reason for this unexpected finding was 
assumed to be the low temperature of the sludge since no 
warming effect from inflowing sewage was available as in the 
Imhoff tank. 
By 1925 many separate digestion plants were in operation. 
Records indicate that the gas produced in the anaerobic pro­
cess was utilized as early as 190?. In this year James at the 
Matunga Leper Asylum at Bombay, India (50) utilized the gas to 
drive a small engine. When Cameron covered his septic tanks 
in 1912, he used the gas produced to light the grounds of the 
treatment plant and to run some small engines. In 1921 
Birmingham, England utilized the gas from their separate di­
gesters to run internal combustion engines. This was the first 
use of gas on a commercial scale, a practice which did not 
become common in the United States until 1933. Gas was col­
lected on a large scale at the Essen-Rellinghausen.plant and 
first delivered to a municipal system in 1923. 
Until 1926, if it was necessary to cover separate di­
gesters, Imhoff tanks or septic tanks to either collect gas or 
control odors, fixed covers were universally used (123). The 
dangers of fixed covers were amply illustrated by the digester 
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explosions which occurred at Saratoga Springs in 1906 and at 
Florenceville, N, C., In 1915 (99)• In 1926 the first floating 
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covers were placed on sludge digesters at Birmingham, England 
and Plainfleld, New Jersey. At Birmingham the covers, which 
were a series of concrete rafts with a small cone in the 
center, were Installed to collect gas to run a I50 hp engine 
(50). The advantages of the floating cover over the fixed 
cover were numerous. They submerged solids at the top of the 
sludge thus helping to prevent scum formation; it was not 
found necessary to balance additions of sludge to the digester 
with removals of sludge; the quality of supernatant was better 
because it could then be withdrawn at will; and the floating 
coyer was safer. Digester gas forms an explosive mixture with 
air and, when withdrawing sludge from a fixed cover digester, 
it was not unusual to draw in some air. 
The disappointing results of the separate sludge digesters 
at the Essen-Relllnghausen plant due to low temperatures of the 
sludge promoted the first heating system Installed in a sepa­
rate sludge digester in 1927• Almost immediately the rate of 
digestion surpassed that of the Imhoff tank (123). Although 
heat had been applied with success to the contents of an 
earthen digester at Plainfleld, N. J. prior to 1927, the first 
sludge digestion tank built in the U. S. with the heating colls 
installed as an integral part of the tank was constructed at 
Antigo, Wisconsin in 1928. In 1927 Imhoff used the gas pro­
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duced In an Imhoff tank to heat water which was injected into 
the Imhoff tank to supply heat to the digestion compartment. 
Goudy as cited by Mau (101) in 1929 reported that there were 59 
separate sludge digestion plants in the United States, 4l of 
which were heated. The average design capacity of the heated 
digesters was 1,5 cu ft per capita. Digesters have been heated 
in many wàys with varying degrees of success. From 1927 to 
1947 the majority of digesters in the United States were heated 
by circulating hot water through heating colls placed inside 
the digester mounted on the walls of the digester (47). 
Wâlraven (174) suggested that the water in the colls should be 
less than 150° P to reduce sludge Incrustation on the pipes 
which would lead to a decrease in heat transfer efficiencies. 
He also mentioned the Improved circulation obtained by leaving 
a space between the walls of the digester and the heating 
coils. About 1947 there was a movement towards the use of ex­
ternal heat exchangers. Raw sludge or supernatent liquor was 
pumped from the digester through a heat exchanger and back in­
to the digester. Advantages in heat transfer efficiencies, 
temperature control, circulation and maintenance were obtained. 
Other methods of heating have been attempted and some are still 
used: injecting live steam into a digester; mixing hot water 
with raw sludge; direct heating by submerged. comb\istlon; and 
diffusion~of heated combustion products through raw sludge. 
At the present time, the most popular method is the use of ex­
ternal heat exchangers. 
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The benefits obtained from mixing digesting sludge were 
realized by Imhoff when he designed the Imhoff tank. Imhoff 
tanks are deep to keep the temperature of the sludge in the 
digestion compartment reasonably uniform and to allow the gas 
bubbles evolved in the digestion process to give more stirring 
action to the sludge, Pruss (129) advocated digester mixing 
to remove the organisms in the digestion process from the lo­
cal concentrations of their own end products. He mentioned 
that mixing also helps to maintain uniform temperature condi­
tions throughout the digester and to control scum layers. 
A portion of the material entering a digester will float 
and fom a scum layer. Scum layers over 8 ft thick have been 
reported. According to Simpson (160), scum formation in a di­
gester has been described as the greatest single problem in 
sludge digestion. It will decrease the effective volume of 
the digester and can damage floating covers and other equipment 
Adequate mixing will control scum layer formation. Bacon (8) 
in 1944 discussed mixing practices and mentioned that there 
were advantages and disadvantages. The advantages of mixing 
Included a greater and more uniform gas supply, scum reduction 
and improved seeding of raw incoming sludge. Thé disadvan­
tages were a poor supernatent and increased power costs. The 
methods of mixing Include: mechanical mixing by means of 
revolving arms, propellors and sweeps; gas mixing by recircu­
lating digester gas; recirculation of sludge through a heat 
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exchanger; and pumping the raw sludge Into the digester at 
various locations. Morgan (116) studied gas mixing as a means 
of increasing the rate of sludge digestion. He found that 
adequate mixing could be obtained with gas recirculation and 
that the rate of sewage sludge digestion could be increased 
by a factor of approximately four times. A very real ad­
vantage of the process was that a sludge having good drying 
characteristics was produced. With the advent of complete 
mixing of the digestion tank contents, the stage process of 
digestion and a sludge concentration process became necessary. 
In 1931 the first stage digestion process was placed in opera­
tion at the Harbor City Plant, Los Angeles. This process con­
sisted of four stages in which the solids of higher specific 
gravity in the digesting sludge, i.e., lower volatile solid 
content, were moved ahead to the following stage until the 
solids were completely digested. A modified form of this 
system, the two-stage process, is common practice in sludge 
digestion today. In a two-stage process, the present practice 
is to keep the sludge in the first stage digester for six to 
eight days (6). Most of the gas is given off in this stage. 
To separate the solids from the supernatant and to complete 
the process of digestion, the sludge is then aged in a second 
stage digester for 22 to 24 days. 
When domestic sewage sludge is held in a tank the solids 
in the sludge will tend to settle to the bottom of the tank 
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leaving a relatively clear liquid at the top of the tank. The 
clear liquid Is known as supernatant. In operating separate 
sludge digesters, raw sludge Is pumped Into the digester 
several times a day. Just prior to the addition of raw sludge 
an equivalent amount of supernatant Is withdrawn to keep the 
volume of waste in the tank nearly constant. Thus, the solids 
are allowed to remain in the digester but the liquid is removed 
daily. With the increased use of heat exchangers and arti­
ficial mixing sludge does not separate into a supernatant 
portion and a solids portion. Then, to keep the volume of 
waste in the tank constant sludge solids are removed dally as 
raw sludge is added. It is obvious that the average length of 
time a solid particle will remain in a digester is less in 
mixed digesters than in unmixed digesters. Thus, if a raw 
sludge volume equal to one tenth of the volume of the digester 
is added daily to a mixed digester the average length of time a 
solid particle will remain in the digester is ten days. The 
length of time a solid particle will remain in an unmixed di­
gester, from which supernatant is withdrawn, will be more than 
ten days. If a certain detention time, or the average length 
of time a solid particle remains in a digester, is required by 
a particular sludge digestion system then a greater digester 
volume will have to be provided for a mixed digester than for 
an unmixed digester. Other disadvantages of the mixed digester 
are; maintaining a larger volume of sludge at a certain tempera­
ture and dispersion of the food available to the organisms 
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In the digester. Torpey (l68) has alleviated many of the 
problems with mixed digesters by concentrating the sludge pri­
or to digestion. If sludge is concentrated from three percent 
solids to six percent solids the volume of the sludge is 
halved. The reduction in volume of the sludge will allow a 
longer detention time for the solids in a digester or alterna­
tively if the detention time is held, constant a smaller diges­
ter can be used. 
B, The Anaerobic Digestion Process 
The total solids content of domestic sewage sludge de­
pends to a large extent upon the composition of the sludge and 
the process by which it is produced. Pair and Geyer (4l) give 
values of total solids in sludge ranging from 2.5 percent from 
a plain sedimentation process up to 10 percent for the fresh 
humus sludge from a trickling filter. Many analyses have been 
made of the solids portion of sludge (23, 71, 75, 115). In 
general, the raw solids consist of 60 to 80 percent volatile 
matter and 20 to 40 percent fixed matter determined by solids 
analyses according to Standard Methods (3). Heukelekian ^71) 
analyzed the organic portion of domestic sewage sludge and 
found the basic composition to be approximately 34 percent 
ether soluble material, 27 percent crude protein and 24 percent 
ash. Other compounds were also present including starches, 
sugars, celluloses and organic acids. Buswell and Neave (23) 
obtained similar results: protein content of 19.4 percent; 
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grease content of 25.2 percent; and crude fiber content of 
10,8 percent. The total volatile matter by analysis was 6o,9 
percent, Heukelekian and Balmat (75) obtained 19.1 percent 
grease, 25.1 percent nitrogenous matter and 23.6 percent car­
bohydrate, The total volatile matter was 78 percent of the 
total solids. In summary, the composition of fresh domestic 
sewage sludge consists of various proportions of fats, carbo­
hydrates and proteins. Variations may be due to variations in 
habits, type of analysis ano season. 
The heterogeneous mixture of sludge described above pro­
vides an ample food source for biological life. In anaerobic 
digestion the complex materials such as proteins, fats and 
carbohydrates are broken down by micro-organisms into sin^>ler 
substances (Figure 1), Energy is thus provided for the growth 
of the micro-organisms. According to Heukelekian (71), the 
breakdown of the organic material consists of two major steps, 
the liquefaction of solids and the conversion of some of the 
liquids to gases. Simpson (l60) states that at least two dis­
tinct groups of organisms are involved In the anaerobic decom­
position of sewage sludge. The organisms in the group respons­
ible for the liquefaction of solids are called "acid-producers" 
and the organisms in the group responsible for gasification are 
called the "methane producers," Successful digestion is based 
upon the synchronization of the two groups of organisms in the 
liquefaction and gasification processes. An unbalanced state 
Figure 1. Formation of anaerobic digestion end products 
Figure 2, Simplified decomposition pathways for organic 
matter 
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often occurs In the sludge digestion process where the products 
of the acid producing organisms accxuranulate and inhibit the 
methane producing organisms. The methane producing organisms 
can be Inhibited to the extent that no gas is formed. The 
condition of the digestion process is then called "stuck" di­
gestion. In this condition thé materials in the digester may 
be more obnoxious than the original sewage sludge. 
1, Liquefaction 
The modes of action of the two groups of organisms are 
described by Heukeleklan (71). Liquefaction as applied to 
this discussion implies the transformation of large solid par­
ticles of sludge Into a soluble or finely dispersed state. 
The liquefaction process is brought about by hydrolytic reac­
tions catalyzed by extra-cellular enzymes. The acid producing 
organisms make contact (13, 78) with, or come into the close 
proximity of, the sludge particles and excrete extra-cellular, 
hydrolytic enzymes to liquefy the solid material. The enzymes 
do not diffuse into the surrounding medium and become diluted. 
Also the products of the hydrolytic reaction diffuse directly 
; 
into the cell for utilization by the cell rather than diffusing 
into the surrounding medium. The end products of the metabolic 
activity of the acid producing organisms do diffuse into the 
surrounding liquid medium and are utilized by the methane pro­
ducing organisms. Formation of end products is the result of 
many biochemical reactions, -In many Instances the reactions 
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are linked to form pathways which represent in logical order 
the decomposition of organic compounds» The pathways may not 
be always correct but they best fit the known facts at the 
present time. 
a. Carbohydrate decomposition Carbohydrate decompo­
sition has been studied extensively because of its importance 
to the fermentation industries. Lackey and Hendrickson (96) 
indicate that carbohydrates must be in a form no larger than 
dissacharides or monosaccharides before they can pass through 
the cell wall and be metabolized. Accordingly, the first step 
in carbohydrate decomposition must be the hydrolysis of the 
large polysaccharide molecules by extra-cellular enzymes. 
Starch is hydrolyzed by the enzyme amylase which can be pro­
duced by a variety of anaerobic or facultative organisms 
including Bacillus subtilis, Clostridium perfringens. Bacillus 
macerans, Escherichia coli. Staphylococcus aureus, and Clos­
tridium acetobutylicum. Maltase is the product and this can 
pass through the cell wall into the cell where it may be 
further hydrolyzed to glucose by the intra-cellular enzyme 
maltase. Cellulose is hydrolyzed to cellobiose by the extra­
cellular enzyme cellulase and the cellobiose is broken down to 
glucose units by the intra-cellular enzyme cellobiase. The 
organisms which have been reported as performing these actions 
are Clostridium dissolvens, Clostridium thermocellum (167) and 
Clostridium omelianskii (96). Visser (172) suggests that acti 
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nomycetes also play a part in the decomposition of the hemi-
celluloses under anaerobic conditions, out of iiwhich, according 
to the composition, various hexoses and pentoses are formed. 
Once the carbohydrates are in a form capable of passing 
into the cell, further metabolic reactions take place to pro­
duce energy for the cell and to synthesize new cellular mater­
ial. According to Oginsky and Umbreit (121) there are many 
pathways which can be used to decompose the mono- and disaccha-
rides. The relative proportion that a particular pathway is 
used depends upon the organism and the enviromental conditions 
in the digester. Two compounds glucose and pyruvic acid hold 
key positions in carbohydrate metabolism (160, 175). Only a 
few bacteria are known which do not utilise glucose. The 
degradation of glucose in the absence of free oxygen is often 
known as anaerobic decomposition, glycolysis or fermentation. 
Pyruvic acid is an end product of glucose fermentation and acts 
as a link between carboydrate and protein metabolism. 
(Figure 2). The organisms operative in fermentation may be di­
vided into six types. The types and names of typical organisms 
involved and their end products are shown in Table 1. Nickers 
son (120) also mentions the organisms Clostridium thermoaceti-
cum, Lactobacillus casei and Streptococcus fecalis as being 
operative in glucose fermentation. 
The formation of pyruvic acid from glucose and other 
carbohydrates is discussed in most biochemical textbooks (51, 
Table 1. Organisms operative In glucose fermentation 
Type of Organism Products Typical Organisms 
Alcoholic fermentation 
Single lactic 
Mixed lactic 
Propionic 
Colon-dysentery 
typhoid type 
Butyric, butyl 
Alcohols 
Lactic acid 
Lactic acid 
Carbon dioxide 
Two-carbon compounds 
Lactic acid 
Propionic acid 
Acetic add 
Succinic acid 
Lactic acid 
Hydrogen or formic 
acid, ethanol 
Sometimes acetoln 
Butylene glycol 
Carbon dioxide 
Hydrogen 
Acetic acid 
Butyric acid 
Acetate> butylene 
glycol 
Butyl alcohol 
Isopropyl alcohol 
Saccharomyces cerevlslae 
Streptococcus lactls 
Lactobacillus brevls 
Propldnlbacterlum 
arablnosum 
Escherichia coll 
Aerobacter aerogenes 
Salmonella typhosa 
Clostridium saccharo-
butyrlcum 
Clostridium aceto-
butyllcum 
Clostridium butyl1cum 
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121, 175). Simpson (160), Lackey and Hendrlckson (96) and 
Nlckerson (120) have elaborated on the scheme as It may be 
applied to anaerobic sludge digestion. The glucose molecule 
is converted to a phosphate ester, glucose-6-phosphate, which 
can then follow the Elnbden-Meyerhof pathway or the pentose 
phosphate pathway (121). Other pathways of carbohydrate meta­
bolism have been demonstrated in micro-organisms such as the 
Entner-Doudoroff pathway and the glyoxylate pathway, but their 
significance is not fully understood (175). The Embden-Meyer-
hof scheme has been found to be operative in a variety of 
micro-organisms (121). Basically the scheme consists of an 
alteration in the ring structure of glucose-6-phosphate that 
yields fructose-6-pbosphate. The fructose-6-phosphate enters 
a series of reactions in which it is broken down to two three-
carbon compounds both of which can be converted to pyruvic 
acid. The pentose phosphate pathway has been shown to be the 
major pathway of carbohydrate metabolism in some micro-organ-
Isms, e.g. Leuconostoc sporogenes. Glucose-6-phosphate is 
oxidized to 6-phosphogluconic acid which in turn is oxidized 
and decarboxylated to form a pentose phosphate. The five-
carbon compound is degraded to a two-carbon compound and a 
three-carbon compound. The three-carbon compound enters the 
glycolytic pathway and is converted to pyruvic acid. 
Pyruvic acid can be broken down to a number of organic 
• • » 
acids, alcohols and ketones under anaerobic conditions. 
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Simpson (160) cites Baldwin (9) In describing the four main 
pathways by which pyruvic acid is decomposed anaeroblcally: 
reduction to lactic acid; decarboxylation to a two-carbon 
Intermediate which can eventually lead to the formation of 
acetic, aceto-acetic and butyric acids, ethyl, butyl and 
propyl alcohols and/or acetone; decarboxylation to acetalde-
hyde which is eventually transformed into ethyl alcohol; and a 
reaction which produces acetic and formic acids. 
b. Lipid decomposition Lipid metabolism has not been 
studied to the same extent as carbohydrate and protein metabo­
lism and much work remains to be done (175). The hydrolysis 
of fats by lipase enzymes yields glycerol and fatty acids. 
Glycerol may be converted to glyceraldehyde phosphate which is 
able to enter the Embden-Meyerhof pathway for further degrada­
tion to pyruvic acid. The fatty acids are believed to be 
decomposed aeroblcally by a series of reactions known col­
lectively as Knoop's ^ -oxidation theory (I60), The straight 
chain fatty acids are broken down to one-, two-, or three-
carbon compounds which may be used by organisms to produce 
carbon dioxide and methane. Weave and Buswell (II8) proposed 
an adaption of Knoop's theory, as a mechanism for the degrada­
tion of the higher fatty acids, to fit anaerobic conditions. 
Experiments with higher fatty acids than acetic acid showed a 
carbon dioxide production greater than that available from the 
carboxyl group of the fatty acid. They suggested that the 
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extra oxygen came from water and the resulting hydrogen com­
bined with carbon atoms of the same molecule» Lackey and 
Hendrickson (96) did not agree with the explanation and con­
cluded that although fatty acids are believed to be the 
principle precursors of methane in sludge digestion little is 
known of the mechanism of their metabolism. 
c. Organic nitrogen decomposition The forms of 
organic nitrogen in raw sewage sludge are mainly urea, whole 
proteins and degradation products of proteins (96). Urea is 
the predominant form but this is probably decomposed aerobic-
ally before the onset of anaerobic conditions. The degradation 
of proteinaceous material is initiated by hydrolytic reactions 
which reduce the size of the protein particles. The proteins 
are hydrolyzed by specific enzymic action yielding in the 
following order, in decreasing complexity; proteoses, peptones, 
peptides and eventually amino acids. Lackey and Hendrickson 
(96) state that the largest protein degradation products 
which can enter the cell are the peptones, which may be fur­
ther degraded by intra-cellular enzymes to the amino acids. 
After hydrolysis of the proteins to amino acids, several 
types of amino acid breakdown can occur depending upon the 
organisms present and the environment. For example, at low 
pH values amino acids tend to be degraded by decarboxylation 
reactions yielding alkaline amines, and at high pH values 
deamination of amino acids yielding ammonia is more prevalent. 
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Gale (52) reported a pH of 4 to 5 for optimum decarboxylation 
and Stephenson and Gale (I66) reported a pH of 7 to 8 for 
optimum deamlnatlon. Not all of the reactions can be per­
formed by all bacteria and not all of the amino acids are 
degraded In the same fashion. For a complete study of amino 
acid metabolism, each amino acid must be considered sepa­
rately (113). Some of the more general reactions are deamlna­
tlon, transamination and decarboxylation (51). Under anaero­
bic conditions certain members of the genus Clostridium are 
known to deaminate glycine to acetic acid. 
CH2NH2COOH + 2H + HgO > CH3COOH f NH3 HgO 
The hydrogen is supplied by a concurrent oxidation of alanine. 
Cardon and Barker (27) described the overall equation for 
the deamlnatlon and decarboxylation of alanine. 
SNBgCHCOOH f 2H2O —4 3NH3 f 2CH3CH2COOH + CH3COOH 
CH3 +CO2 
According to West and Todd (175) a very Important re­
action in the formation and deamlnatlon of amino acids is the 
transamination reaction. The amino group of one amino acid 
may be reversibly transferred to the keto acid of another 
amino acid thus effecting amino acld-keto acid intercon­
version. Many micro-organisms can perform the following 
reactions: 
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L-Glutamlc acid -{-oxaloacetic acid"?=5^ c^-Ketoglutaric 
acid 4- L-aspartic acid 
L-Glutamic acid -f pyruvic acid^=a& «-Ketoglutaric 
acid 4- L-alanine. 
The exan^le illustrates the importance of this reaction in 
enabling an organism to interrelate carbohydrate metabolism, 
protein metabolism and lipid metabolism. From these and other 
amino acid reactions end products are obtained which are simi­
lar to the breakdown products of lipids and carbohydrates. 
2. Gasification 
The end products of the acid producers are utilized by 
the methane formers to produce methane and carbon dioxide. 
Grune £t al. (67) cited Omelianski, who in 1902 claimed to 
have isolated two organisms from the anaerobic fermentation of 
cellulose, one of which was capable of producing hydrogen and 
the other methane. In 1936 Barker (I5) presented a survey of 
the known methane producing organisms. Until this date a 
pure culture of a methane producing organism had not been 
obtained. He developed methods for obtaining highly purified 
cultures of four of these organisms. Since that time four 
additional species of methane producing bacteria have been 
Isolated but not In pure culture. The nine known species of 
methane bacteria at the present time and the substrates they 
utilize as listed by Barker (12) are shown in Table 2. 
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Table 2. The known species of methane bacteria 
Methane bacteria 
Methanoba cterliun formlclum 
Methanobacterlmn omellaaskll 
Methanobacterlum proplonlcum 
Methanobacterlum sohngenll 
Methanobacterlum suboxyd^s 
Methanococcus mazel 
Methanococcus vanlelll 
Methanosarclna methanlca 
Methanosarclna barkerll 
Substrate 
Formate, carbon monoxide, 
_ hydrogen 
Primary and secondary 
alcohols 
Propionate 
Acetate and butyrate 
Butyrate, valerate and 
caproate 
Acetate and butyrate 
Formate and hydrogen 
Acetate and butyrate 
Methanol, acetate, aldehyde 
Heukeleklan and Helnemann (77# 78), following Barker's early 
work, developed a method of enumerating the methane organisms 
In sewage sludge. They also established a correlation between 
the number of methane organisms and the rate of gas production 
In the digestion of sewage sludge Under a number of different 
conditions. 
The characteristics of the methane producing organisms 
are discussed by Heukeleklan (71)• They are strictly anaero­
bic to the extent that, even In the absence of molecular oxy­
gen, methane fermentation will not take place In the presence 
of nitrates. Sulfates retard methane fermentation at 100 mg/l 
sulfide concentration (4, 139). Methane producing organisms 
require carbon dioxide as a hydrogen acceptor, except In the 
case of the fermentation of acetic acid. The organisms are . 
30 
extremely sesitlve to pH, the optimum range,being 6,4 to 7.2. 
Levels of pH below 6.0 and above 8.0 cause the rate of growth 
to fall off rapidly, Heukelekian and Heinemann (78) found 
more methane producing organisms in the sludge than in the 
supernatant. The methane producing organisms are believed to 
develop slowly and they have a long generation time. 
McCarty (103) in 1963 discussed the chemistry of methane 
fermentation summarizing the existing knowledge on the subject. 
He states that methane results from two major sources, as 
shown in the equations: 
Carbon dioxide reduction C^^02 + 8h—> 4- SBgO 
Acetic acid fermentation C^^HgCOOH—4- COg 
A third source which appears to be of relatively minor im­
portance is the reduction of methanol as reported by Stadtman 
and Barker (l64) and confirmed by Pine and Vishniac (126). 
Pine and Vishniac suggested that a common Intermediate was 
involved in fermentation of methanol and acetate to methane. 
Omelianskl as cited by Grune et (67) suggested a prelimi­
nary decomposition of acetic acid to hydrogen and carbon 
dioxide to methane by the hydrogen. Buswell (18) doubted the 
validity of this mechanism because hydrogen is only formed in 
a digester in barely detectable quantities. 
The reduction of carbon dioxide to methane was proposed 
by Barker (13) in 1936 based on the results of experiments 
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with ethyl and butyl alcohol. Carbon dioxide acts as a hydro­
gen acceptor and is reduced to methane by hydrogen enzymatic-
ally removed from the organic molecules. He formulated a 
general equation for the process: 
4H2A + CO2-—> 4A + CH4 + 2H2O 
where HgA represents any organic compound which can be acti­
vated by the methane producing bacteria so that it can act as 
a hydrogen donor for the reduction of carbon dioxide. 
The fermentation of acetic acid results in the production 
of methane and carbon dioxide by a split in the acetic acid 
molecule. Methane comes from the methyl group and the carbon 
dioxide comes from the carboxyl group. Stadtman and Barker 
(l64) used radioactive tracers to show this occurrence. 
Buswell and Sollo (24) reasoned that methane originates prima­
rily by a simple decarboxylation of acetic acid. The above 
theory was supported by the preliminary Investigations of 
Grune et al, (67) on the mechanism of methane fermentation. 
They labeled sodium acetate with in the one and two carbon 
positions separately and fed the labeled compounds to a di­
gester, The products showed that most of the carbon dioxide is 
derived from the carboxyl group directly without going to 
methane and that some of the carboxyl group is decomposed by 
a slower, longer pathway to form methane directly. 
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The importance of each mechanism in the fermentation of 
complex materials has been demonstrated by Stadtman and Barker 
(161) and Barker (l4) with reference to the overall fermenta­
tion of ethyl alcohol* 
2CH3CIÎ20H + 2H2O 2CH3COOH + 8H 
8H + CO2 CH4 4 2H2O 
2CH3COOH —2CH4+ 2CO2 
.TOTAL 2CH3CH2OH —3CH4 + COg 
The equations show that 67 percent of the methane results from 
acetic acid fermentation and 33 percent results from the reduc­
tion of carbon dioxide. 
Even carbon fatty acids such as acetic acid are believed 
to be fermented in the above manner. The formation of methane 
from propionic acid, an odd carbon fatty acid, has been shown 
by Stadtman and Barker (l62) to proceed in the following way: 
4CH3CH2COOH 4- 8H2O 4CH3COOH t 4002 + 24H 
3CO2 4- 24H ——- 3CH4 + 6H2O 
TOTAL 4CH3CH2COOH f 2H2O — 4CH3COOH + COgi- 3CH2^ 
The tracer experiments of Stadtman and Barker indicated that 
the number two and three carbons of ppdpionic acid ended up as 
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the earboxyl and methyl carbons respectively, of acetic acid, 
Buswell £t al• (21) did not agree with these results, but their 
differing results may have been due to biochemical side re­
actions, McCarty £t (105) gave equations to represent the 
fermentation and gas production from four volatile acid salts. 
Moles gas 
Formate per mole acid 
HCOONa + I/2H2O 4- l/^COg—>NaHCO^ + l/^CH^j, 0 
Acetate 
CHgCOONa -j- HgO ^^NaHCO^ + CH4 1 
Propionate 
CH^CHgCOONa + I/2H2O —^CH^COONa 4-3ACH4 
+ 1/4C02 
CHgCOONa + HgO :>NaHC03CH4 2 
Butyrate 
CHgCHgCHgCOONa + NaHCO^ =—> GCH^COONa + l/2CH2^ 
+ 1/200% 
2CHgC00Na + 2^0 —^NaHCOg + 2CH4 3 
Formate and acetate are fermented directly while propionate 
and butyrate are both first converted to acetic acid which is 
then converted to methane and carbon dioxide giving two stage 
reactions. The relative gas production per mole of each acid 
salt is also shown. 
Gases other than carbon dioxide are formed in anaerobic 
digestion. Rudolfs and Heisig (l40) and Buswell and Hatfield 
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(22) reported the production of small amounts of hydrogen. 
Buswell and Hatfield concluded that It was the nature of the 
compound fermented and not the culture which determines the 
production of hydrogen. In 1930 Buswell and Neave (123) showed 
that Escherichia coll ferments glucose to produce hydrogen and 
carbon dioxide. Rudolfs and Helslg (i4g) have also reported 
the presence of small quantities of carbon monoxide In the di­
gestion of screenings. 
According to Heukeleklan (71) a small amount of nitrogen 
Is produced In a digester^ There Is no known fermentation 
process that can produce nitrogen gas directly from proteins 
or amino acids and thus Buswell and Strlckhouser (25) put for­
ward the explanation of the dissolution of nitrogen gas due to 
changes In partial pressures present In the fresh solids. 
Hydrogen sulfide Is present as the result of the re­
duction of sulfates and sulfur In organic combination. 
C. Digester Operation — 
Fair and Moore In 1934 (44) summarized the work of many 
authors regarding the effect of tenterature on the time and 
rate of sludge digestion. They discussed the results of work 
by Heukeleklan (72a, 73), Keefer and Kratz (90), Rudolfs (l4l), 
Zack and Edwards (178) and others, and supplemented these re­
sults with data of their own. All results were obtained from 
experiments with batch digestion and the digestion time was 
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the time required to produce 90 percent of the total gas 
produced during the run^. Optimum temperatures for the maxi­
mum rate of digestion (shortest detention time) were observed 
to be 28°C in the mesophilic zone and 42°C in the thermophilic 
zone. Temperature changes of a few degrees from the optimum 
adversely affected the rate of digestion in the thermophilic 
zone to a much larger extent than in the mesophilic zone. 
The authors believed that two different groups of organisms 
were operative in digestion and each group had an optimum 
temperature requirement. Between the mesophilic and thermo­
philic zones, both groups of organisms were working at a 
disadvantage. Pair and Moore (42) concluded that activated 
sludge may not digest in a manner similar to primary tank 
sludge since the digestion rate with activated sludge increased 
with temperature from 25°C to 50°C. The authors mentioned 
that data were not available for determining the effect of 
temperature on the digestion of a single type of sludge. At 
a later date (43), they obtained these data which also showed 
that digestion rate seemed to pass through two optimums which 
were related to temperature. The optimum temperatures for 
mesophilic and thermophilic digestion were 37°C and 53°C, 
respectively, "Eie times of digestion at these temperatures 
1 ' Gas productions are measured usually in relationship to 
the total or volatile solids added to the digester, and are 
expressed as cii ft of gas produced per day per lb of total or 
volatile solids added to the digester (cu ft per lb volatile 
or total solids added per day). 
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were 22 days and 8 days, respectively. Heukeleklan partially 
disagreed with the findings of Pair and Moore. He observed 
(72) that the time of digestion did not materially alter 
between 28°C and 42^0. Mallna (100) studied the effect of 
temperature on the digestion process at 32.5°C, 42.5°C and 
52.5®C. He observed the effect of temperature to be inde­
pendent of loading rate and detention time, A reduction in 
volatile material and an Increase in alkalinity and volatile 
acids occurred as the temperature Increased, The digestion 
process was most inefficient, as measured by gas production, 
gas quality and pH, at 42.5°C thus supporting Pair and Moore's 
(44) observations. At 52.5°C most of the digestion parameters 
indicated that the digestion process was inferior to digestion 
at 32.5°C although more volatile matter was destroyed at 
52,5°C. Many experimenters (46, 73# 138, 142, l43) have com­
pared the thermophilic and mesophilic digestion processes. 
Thermophilic digestion can operate at higher organic loading 
rates, it produces a more concentrated sludge, a larger gas 
yield Is obtained and a greater reduction in volatile solids 
is observed. The disadvantages of the thermophilic process 
are: in a single stage system a poorer supernatant is produced 
the digested sludge is more difficult to dewater; disagreeable 
odors are a more frequent occurrence; micro-organisms in the 
process are more susceptible to the effect of toxic materials; 
and the economics of the process may not be favorable In many 
Instances. Rudolfs and Heukeleklan in 1930 (l4l) indicated 
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that the heating of a digester to a temperature of approxi­
mately 50°C would be uneconomical. This would depend upon 
climatic features. 
In 1948, Heufcelekian and Kaplovsky (79), obtained results 
from studies of the effect of temperature changes on thermo­
philic digestion at 50°C. The results showed that with 
active thermophilic digestion a decrease in digestion rate 
would occur if the temperature were decreased. The rate was 
found to return to normal values if the temperature was again 
increased, Garber in 1954 (53) compared the digestion of 
sludge at 30-38*^0, with the digestion of sludge at 50°C, He 
o 
found no significant difference between the processes at 30 C 
and 38°C but at 50°C the digestion process was much more 
rapid. The thermophilic process was stable and it produced a 
more readily dewaterable sludge than did the mesophilic pro­
cess, The latter finding contradicts previous ideas of thermo­
philic digestion. Golueke (56) confirmed Garbers results. 
He attempted to show that the rate of digestion did not remain 
constant or decrease between the mesophilic and thermophilic 
zones. Sludge was digested at temperatures ranging from 30 C 
to 65°C at 5°C intervals. Within the temperature range 35°C 
to 60°C, no significant difference in gas production, volatile 
solids reduction and dewatering characteristics could be 
noticed. The digested sludges from the 50, 55 and 60°C di­
gesters were of a superior quality to those from the remaining 
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digesters. Volatile acids and pH both increased with tempera­
ture . 
The pH of digesting sludge has been shown to affect the 
digestion process. Cassell and Sawyer (31), Schlenz (156), 
Coulter (35) and others recommend a pH of 6.8 to 7.2 or close 
to these values for optimum digestion. Stadtman and Barker 
(164) have shown that certain methane forming bacteria.have 
optimum pH values where they grow most rapidly between 8.0 and 
9.0. The use of pH as an indicator of the condition of di­
gestion has been superseded in many instances in recent years, 
by the level of volatile acids in the digester because by the 
time a change in pH is noticeable the buffering capacity of 
the sludge has been virtually destroyed. The volatile acids 
test is more sensitive, but pH is still used as a control, 
especially in starting digesters. 
The major intermediate compounds formed by the acid pro­
ducing organisms in the digestion of sewage sludge are the 
1 
short chain volatile organic acids , more often called the 
"volatile acids." They are formed from the decomposition of 
complex organic compounds and they serve as the major substrate 
for the methane producing bacteria (104). The obvious im­
portance of the volatile acids in sludge digestion suggested to 
many workers (11, 22, l48) that a knowledge of the volatile 
^Formic, acetic> propionic, butyric, etc. up to a 6 
carbon chain. 
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acids present in digesting sludge would provide better control 
for.the process than relying on pH values. It was noticed 
that an increase in the volatile acid concentration in digest­
ing sludge heralded the onset of poorer digestion. This 
occurred before a drop in pH, and if the volatile acid concen­
tration eventually rose above 2000 to 3000 mg/l, the methane 
producing organisms were seriously retarded. Two theories have 
developed regarding the effect of high concentrations of vola­
tile acids on the digestion process: 
1. The volatile acids are indirectly toxic to the 
methane producing organisms by lowering the pH 
of the digesting sludge. 
2. Volatile acid concentrations above a certain level, 
usually 2000 to 3000 mg/l, inhibit the methane 
producers regardless of the pH. 
In support of the first theory, Golueke £t al. (57) concluded 
from experiments on the anaerobic digestion of algae that high 
volatile acid concentrations exhibit an inhibiting effect due 
to a lowering of the pH. Gassell and Sawyer (31) showed that 
maintenance of an optimum pH is the factor of primary practi­
cal importance in initiating digestion. Kaplovsky (87) and 
Sawyer e_t al. (149) also support thfe theory that any detrimen­
tal effects due to high volatile acid concentrations can be 
overcome by maintaining optimum pH levels with lime or some 
other chemical. The experimenters who supported the second 
theory believed the acids were directly toxic to the methane 
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producing organisms and that the inhibiting action could only 
be relieved by reducing the volatile acid concentration, This 
view was suggested by Buswell and Hatfield (22) in 1936 and 
has been supported by Schulze and Raju (158) and Mueller et al. 
(117) in recent years. 
McCarty and McKinney (108) in I961 undertook a study to 
determine the fundamental effect of volatile acids on methane 
formation in anaerobic digestion and to resolve the apparent 
difference between the two theories presented above. The re­
sults of the study showed that the inhibition of methane bac­
teria associated with an increase in volatile acid concentra­
tions was not due to volatile acid toxicity but was due in a 
more general way to "salt" toxicity. The difference is that 
salt toxicity depends upon the types and concentrations of 
the cations of the volatile acid salts rather than upon the 
anions as in volatile acid toxicity. Using this concept as a 
basis, the authors proceeded to explain that relatively high 
concentrations of volatile acids can be tolerated provided 
they are associated with cations of low toxicity. The hydrogen 
ion is known to be one of the most toxic cations to biological 
systems, A drop in pH would inhibit the methane producing 
organisms because of the increased hydrogen ion concentration. 
If an alkaline material is added to adjust a low pH in a sys­
tem, no benefits will be obtained unless the cation employed 
is less toxic than the hydrogen ion. The work of Keefer and 
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Urtes (92, 93) supports the salt toxicity theory. Volatile 
acid concentrations as high as 13,000 mg/l were neutralized 
with lime and active digestion continued. The conclusions 
which can be drawn from the work of McCarty and McKinney (I08) 
and Keefer and Urtes (92, 93) are: 
1. The low pH values associated with high concentrations 
of volatile acids do inhibit the digestion process. 
Control of pH is essential in the operation of a 
digester, 
2. The anionic portions of the volatile acids are not 
directly toxic to the methane producing organisms 
in the concentrations suggested in the second theory, 
3. Consideration must be given to the cationic portions 
of the volatile acids when studies are made of 
volatile acid toxicity, 
McCarty and McKinney (107) followed up the salt toxicity 
theory with a study to determine the effect of neutralizing 
volatile acids with alkalies containing different cations. The 
cations in order of increasing toxicity were calcium, magnesi­
um, sodium, potassium and ammonium. Certain ion antagonism 
effects were noticed and these will be discussed later. 
Sodium, potassium and ammonium compounds were found to be 
suitable for neutralization of volatile acids concentrations 
up to 2000 mg/l but from 2000 to 10,000 mg/l, calcium and 
magnesium eompounds were preferable, McKinney suggested that 
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if the volatile acids in a digesting sludge are neutralized 
with magnesium compounds, the magnesium will remain in the 
sludge as soluble magnesium bicarbonate when balanced condi­
tions are restored. The increased bicarbonate concentration 
will result in an increase in pH beyond acceptable values 
which might slow down the rate of digestion. If calcium com­
pounds are used, the calcium will precipitate from solution. 
The effect of high concentrations of individual volatile 
acids on anaerobic treatment has been discussed by McCarty 
and Brosseau (104). It was concluded that high concentra­
tions of acetic, propionic or butyric acids do not affect the 
methane bacteria. Sudden increases of acetic acid and butyric 
acid up to 6000 mg/l were stimulatory to the process. Propi­
onic acid concentrations up to 8OOO mg/l caused an Initial 
inhibition of the digestion process which could be overcome 
by a short period of acclimatization. It was shown that the 
propionic acid affected the acid producing organisms. The 
authors introduced concepts of "temporary" and "permanent" 
causes of unbalance in a digester. The temporary causes 
include an insufficient population of methane producing organ­
isms as may occur in digester start-up. Increased organic 
loadings. Ineffective mixing and sudden temperature changes. 
Temporary causes can be removed by maintaining a neutral pH 
and allowing sufficient time for the methane forming organisms 
to re-establish themselves. The permanent causes of digestion 
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inhibition may be the presence of toxic materials or materi­
als which may not be toxic in the concentrations normally ex­
perienced in domestic sewage sludge but which may be toxic in 
high concentrations. Permanent causes may only be eliminated 
by removing the toxic material or reducing its concentration 
on to a non-toxic level. 
The volatile acids normally present in digesting sewage 
sludge under different operating conditions have been reported 
in the literature, Liubimov and Kagan (98) state that during 
the acid fermentation stage in mesophillc digestion caproic, 
propionic, butyric, isovaleric, acetic and formic acids were 
present. When normal alkaline digestion was established, 
butyric, isovaleric and propionic acids disappeared, Hindln 
and Dunstan (81) and Mueller al. (117) found that acetic 
and propionic acids were the major acids present at times of 
high volatile acid concentrations. Butyric acid was found in 
lower concentrations and formic and lactic acid were found 
only in low concentrations. Kaplovsky (86) observed the 
presence of acetic, propionic, butyric and valeric acids in 
the digestion of yeast and slaughterhouse wastes. He found 
only acetic and butyric acids in the digestion of white water. 
Pohland and Bloodgood (127) studied the mesophillc and thermo­
philic digestion processes and concluded that acetic and pro­
pionic acids were the major acids present in both processes. 
They concluded that acetic acid was the most important vola-
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tile acid Intermediate in sludge digestion and the primary 
source of gas production, McCarty et (105) found during 
start up of a digester that the principal volatile acids 
present were butyric and acetic acids. If the process de­
teriorates after active fermentation has started, the major 
acids produced are acetic acid and propionic acid. They 
studied the formation of volatile acids during digestion by 
adding individual acids to laboratory digesters and also by 
developing sludges using synthetic substrates. The synthetic 
substrates were composed of long chain fatty acids, carbohy­
drates of different degrees of complexity, proteinaceous 
materials and mixtures of complex organic compounds. The re­
sults indicated that acetic acid is the most prevalent inter­
mediate volatile acid produced in the decomposition of all the 
above substrate types. The major volatile acids obtained from 
the digestion of carbohydrates were propionic and acetic acid; 
from proteins, they were propionic, butyric and acetic acid; 
and from fats, they were acetic and butyric acids. Again, the 
major acids found during the occurrence of unbalanced con­
ditions were acetic and propionic acids. Formic and butyric 
acids were found to be metabolized easily during the digestion 
process but the authors thought that butyric acid does not 
occur as a true intermediate volatile acid. It may be synthe­
sized by Clostridia or similar organisms prior to methane 
fermentation. 
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Schulze arid Raju (158) showed with experimental digesters 
that maximum feed rates of 0,2 g of propionic acid or 1.0 g of 
acetic acid or 1.6 g of butyric acid per liter of digester 
volume per day could be quantitatively converted to gas, 
Keefer and Urtes (92, 93) disagreed with these maximum feed 
rates, suggesting maximum rates of 0.13, 0,31 and 0,l8 g per 
day per liter for propionic, acetic and butyric acids, re­
spectively. They did agree that propionic acid was the most 
difficult to convert to gas. These authors also showed that 
the digestibility of the three acids varied directly with 
their ionization constants. 
Many studies have been made of the toxic effects of 
heavy metals on the anaerobic digestion process. The results 
show a high degree of variance depending upon the particular 
study. Copper has been shown (135# 136, 138) to be inhlbitive 
to the digestion process at concentrations above 0,07 percent 
of the dry solids. However, some digestion units have been 
able to withstand copper concentrations of 1,5 percent of the 
dry solids content without noticeable effects (32, 110), 
Nickel has been reported by Wlschmeyer and Chapman (176) 
to stimulate digestion in concentrations up to 500 mg/l and to 
retard digestion above this concentration, 
McDermott £t £l, (109) evaluated the effect of zinc on 
sludge digestion and found that concentrations above 340 mg/l 
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in the digested sludge produced toxic effects. 
The effect of iron compounds on the sludge digestion 
process has been reported by Rudolfs £t a^ (144) and Setter 
(159). Concentrations ranging from 100 rag/l to 1000 mg/l have 
caused retardation of the digestion process. 
Pagano (122) discussed the ability of the digestion pro­
cess to handle successfully 50 to 200 mg/l of trivalent chro­
mium on a slug-feed basis. On a continuous feed basis, 3 to 6 
mg/l of trivalent chromium and 1.25 to 1.5 mg/l of hexavalent 
chromium could.be tolerated. Ross (32) supported these re­
sults showing that hexavalent chromium was more toxic than 
trivalent chromium. 
McCarty\et al. (106) studied the effects of copper, zinc 
nickel, and iron singly, and in combination, on anaerobic di­
gestion. Copper, zinc and nickel were found to be toxic to 
anaerobic digestion but high concentrations of iron could be 
tolerated on a daily feed basis. The sum total concentration 
of all the heavy metals was determined to be the significant 
factor in evaluating heavy metal toxicity. Masselli et al. 
as cited by McCarty et (IO6) showed the toxicity of copper 
to depend upon the sulfide concentration in the digester 
because of precipitation of copper sulfide. McCarty e^ al. 
(106) found that toxicity due to heavy metals will only re­
sult when the sum total concentration of heavy metals exceeds 
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the equivalent concentration of sulfides for precipitation. 
The authors suggested the addition of ferrous sulfate to a 
digester as a control or precautionary method against the 
effect of toxic heavy metals. Iron is not toxic to the or­
ganisms in digesting sludge except in very high concentra­
tions. Inside the digester ferrous sulfate is reduced to 
ferrous sulfide which is more soluble than the sulfides of 
copper, lead, cobalt, nickel and zinc. Thus, if a toxic 
heavy metal is added to a digesting sludge which contains 
ferrous sulfide, the sulfide of the toxic heavy metal will be 
precipitated. As a precipitate the toxic heavy metal cannot 
exert a toxic effect on the organisms in the sludge. Care 
should be exercised not to achieve excessive concentrations 
of sulfides because they are toxic themselves to the methane 
bacteria in concentrations greater than 200 mg/l as sulfur 
and they are corrosive. Experiments have shown that the 
addition of sulfide precursors has allowed the presence of 
more than 10 percent of heavy metals, on a dried volatile 
solids basis, without inhibiting the digestion process. 
Between i960 and 1964 McCarty et al, (I06) determined 
the effects of different ions on the methane fermentation 
stage in the anaerobic waste treatment process, A synthetic , 
medium was used to maintain the bacterial cultures, and only 
acetic acid, its salts, and the various cations in the form 
of their chloride salts were fed to the cultures. The conclu-
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sion reached by the experimenters was that the cation effects 
are a function of the types and concentrations of all the 
cations present in the environment. Optimum ionic concentra­
tions of sodium, potassium, ammonium, calcium and magnesium 
were found and concentrations either lower or .higher than the 
optimum resulted in less than maximum efficiency of the me­
thane fermentation process. Synergistic and antagonistic 
effects were noticed. Inhibition by one cation could be in­
creased, synergism, by adding certain other cations, even 
though the concentration of the synergistic cation was well 
below its own inhibitory level. However, inhibition due to 
an excessive concentration of any one of the ions studied 
could be antagonized (minimized) by the addition of the opti­
mum concentration of at least one of the other four cations. 
Maximum antagonism was attained with addition of the optimum 
concentrations of several other cations. 
The increasing use of radioactive isotopes in science 
and industry has stimulated the study of their effects on 
waste treatment processes, Dietz and Harmeson (37) used 
batch and continuous sludge digestion units to determine the 
effects of three radioactive isotopes on the two processes and 
to determine the concentration of tb&elsotopes in the solid 
and liquid portions of the sludge. Control experiments were 
run using the non radioactive forms of the Isotopes, TOie re­
sults of the batch tests are shown in Table 3. 
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Table 3. Effect of radioactive materials on anaerobic 
digestion. 
Radioactive material added to 
provide 200 millicuries per liter 
Effect on digestion as 
measured by reduction in 
gas production 
p32 15 percent 
1I31 4 percent 
s35 50 percent 
Mixed fission products 20 to 4o percent 
Results obtained with the continuous process showed no signi­
ficant effect of jlSl and at the 110 microcurie per 
liter level of activity. The fission products caused a 17 
percent reduction in gas production over a 30 day period. 
p32, s35 and the fission products tended to concentrate in 
the sludge in the continuous process. Radioactive iodine 
did not concentrate in the sludge, Grune £t studied the 
effect of radiophosphorus (62) and radioiodine (63) on batch 
sludge digestion. They found no significant effect on the di­
gestion process due to the radioactivity of the up to con­
centrations of IGG millicuries per liter. The uptake of 
by the solid component of the sludge increased exponentially 
from 12 to 18 percent with an increase of the initial radio­
activity concentration from 50 to 800 millicuries per liter. 
The percentage removed in the liquid phase also increased with 
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an increase in the initial radioactivity concentration. No 
significant changes were noticed in the uptake of 1^31 with in­
creases in the initial radioactivity up to 100 mlllicuries 
per liter. At least 60 percent of the activity appeared to 
be concentrated in the solid component. In 1963, Grune et al. 
(67) extended their work on radioactivity and digestion. The 
effects on anaerobic digestion of and Sr^O in concentra­
tions up to one millicurie per liter and the distribution of 
these isotopes between the solid and liquid phases were de­
termined. Batch digestion results indicated no significant 
effects of or Sr^O on gas production and quality, rate of 
digestion, volatile acids, lag phase period and reduction of 
volatile matter. Both isotopes were found to concentrate in 
the solid component of the sludge. 
In the past decade, the term high rate sludge digestion 
has been increasingly used to indicate a digestion system 
which is heated, which is uniformly mixed, i.e., no supernatant 
liquor, and in which feeding is on an intermittent or continu­
ous basis with a corresponding displacement of "mixed liquor" 
rather than supernatant or sludge. Secondary units may or 
may not be used in the system. According to Sawyer (l48) four 
major factors separate high rate digestion units from conven­
tional digestion units. The factors are all dependent upon 
complete mixing of the contents of the high rate digester; 
thermal homegeneity; biological balance, or the elimination of 
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the predominance of the acid forming organisms in a scum layer 
and a predominance of methane producing bacteria in the sludge 
layer below; the ability to bring fresh food into contact with 
the active organisms; the elimination of local high concentra­
tion of solids, e.g., in the scum layer, which have been 
shown to be detrimental to the activities of the functional 
organisms in digestion. 
The loading rates of so-called conventional digestion 
units and high rate digestion units are not separated by any 
well defined line of demarcation. Pearse (123) in 1938 cited 
Greeley as giving the volatile solids loading rate for sludge 
digestion tanks as 0.047 to 0.07 lb added per cu ft per day 
for complete digestion and 0.105 lb added per cu ft per day 
for partial digestion. He reported the average loading of 
the digesters at a number of plants as 0.04l lb volatile 
solids added per cu ft per day. Digestion units operated in 
this range of loading rates are often said to be operated at 
conventional rates, Imhoff et al. (84) in 1956 suggested a 
conventional volatile solids loading rate of 0.08 lb added per 
cu ft per day and Steel (165) suggested 0.02 to 0.06 lb added 
The term volatile solids loading rate means the amount 
of volatile solids fed to a digester. It is expressed in 
terms of the pounds of volatile solids added to a digester 
per day divided by the volume of digesting sludge in cu ft. 
Often synonyms of volatile solids loading rate will be used, 
such as organic loading rate or Just loading rate, expressed 
as lb volatile solids added per cu ft per day or lb per cu ft 
per day. 
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per eu ft per day. The Ten States Standards (59) recommends 
loading rates of 0.02 to 0.04 lb volatile solids added per cu 
ft per day, or greater than 50 days detention time for con­
ventional digestion. Babbitt and Baumann (6) Indicate that 
conservative designs use values of 0.04 lb volatile solids 
added per cu ft per day and less, or more than 30 days de­
tention time. The trend in large plants is towards loading 
digesters with 0.08 to 0.21 lb volatile solids added per cu 
ft per day or 10 to 15 days detention time. 
The method of referring to digester loading by quoting 
the additions of solids on a dry or volatile solids basis was 
questioned by Rankin (130a). He noticed that detention time 
appeared to bear a closer relation to performance as measured 
by volatile matter reduction. Sawyer (l48) and Sawyer and 
Schmidt (152) agreed with this observation. 
In 1954 Morgan (II6) attempted to increase the rate of 
sludge digestion above conventional rates by recirculating 
digester gas to mix the digesting sludge. He found it possible 
to digest sludge at a loading rate of 0.345 lb volatile solids 
added per cu ft per day with a sludge detention time of 7*2 
days. Also in 1954 Torpey (I68) succeeded in feeding concen­
trated primary and activated sludge to plant scale sludge 
1 
Detention time is the theoretical time a sludge particle 
remains in a digester. It Is based upon raw sludge additions 
to the digester and the removal of digested sludge from the 
digester. 
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digesters at a rate of 0.19 lb volatile solids added per cu ft 
per day with a detention time of 11 days. The contents of 
the primary digesters were mixed by recirculating digesting 
sludge by pumping it from the bottom of the digester and 
putting it back in at the top. At a later date (169) he 
loaded a pilot scale digester almost continuously, without 
failure, at a loading rate of O.87 lb volatile solids added 
per cu ft per day and 3.2 days detention time. Sawyer and Roy 
(151) reported operating laboratory digestion units at deten­
tion periods of 6 to 20 days with volatile solids loadings of 
0,38 lb to 0.26 lb volatile solids added per cu ft per day 
respectively. Sawyer and Schmidt (152) successfully operated 
digestion units with 11 days detention time and a solids load­
ing rate of 0.34 lb volatile solids added per cu ft per day. 
Garrison et (54) state that a minimum detention time of 
eight days is required in practice to produce a well digested 
sludge. These authors succeeded in loading plant digesters 
at a rate of 0.43 lb volatile solids added per cu ft per day. 
The effects of the increased loading rates on the end 
products of digestion have been reported. Buswell and Boruff 
(20) state that the maximum volume of gas which can be gener­
ated in digestion is 8 to 9 cu ft per lb of volatile solids 
added to a digester and slightly more than double these values 
per lb of volatile solids destroyed in a digester. Higher gas 
productions ranging up to 11.0 cu ft per lb of volatile solids 
added and 24 cu ft per lb of volatile solids destroyed have 
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been reported (l60, 151, 168). The quality of the gas pro­
duced Is an Indicator of the state of digestion; good diges­
tion being characterized by a gas made up of approximately 
60 to 70 percent methane and 30 to 40 percent carbon dioxide 
(171). Other gases are present In small amounts. As the 
digestion process deteriorates, the carbon dioxide content of 
the gas Increases (7), Several authorities have agreed that 
the optimum pH for good digestion is close to 7.0. Volatile 
acids concentrations which are increasing, or are above about 
2000 mg/l, usually Indicate the onset of inferior digestion. 
If the volatile acids concentration in a digester is steady 
and below an inhibitory level, then the process is probably 
functioning satisfactorily. The generally accepted value of 
sludge alkalinity for good digestion is between 2000 and 3000 
mg/l,. Volatile solids reductions in the neighborhood of 35 
to 65 percent are expected in a healthy digester. 
Morgan (II6) obtained normal gas productions of 9.0 cu 
ft per lb of volatile solids added at higher loading rates. 
Reductions in volatile matter destruction, gas production, 
grease destruction, alkalinity and pH were noticed by Sawyer 
and Roy (15I) and Sawyer and Schmidt (152) as the detention 
time was decreased from 20 days to six days. Mueller et al. 
(117) maintained a constant detention time of 33 days and 
varied the loading rates to a digester from 0.05 to 0.135 lb 
volatile solids added per cu ft per day. At the increased 
loading rates, they noticed an Increase in volatile acids. 
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alkalinity, suspended solids in the supernatant, percentage of 
carbon dioxide in the gas produced and the volatile solids 
content of the digested sludge. Gas production and volatile 
solids reduction both decreased, 
Garber (53) noticed in experiments on thermophilic di­
gestion that the particle size of sludge which had been di­
gested at 85°F to 100°? differed from the particle size of 
sludge digested at 120°P. About 80 percent of the sludge which 
was digested at 85°P to 100°? passed a 200 mesh screen but only 
65 percent of the 120®P sludge passed the same screen. Balmat 
(10) reported that the smaller the particle size of sewage 
sludge the faster the rate of decomposition. These experi­
ments suggested to Pierce (125) the possibility of increasing 
digestion rates by reducing the particle size of raw sewage 
sludge prior to digestion. Pierce observed a higher volatile 
acids concentration and a higher rate of sludge digestion 
with comminuted sludge as compared to the digestion of un-
comminuted sludge. The gas quality and pH remained unchanged, 
Edmonds (40) agreed with the results of Pierce and in ad­
dition obtained higher gas production rates with comminuted 
sludge. 
The concentration of raw sludge prior to digestion is 
practiced to some extent in practically all sewage treatment 
plants whether it is intentional or not. Many benefits are 
obtained by concentration. Less digester capacity is re­
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quired, there Is less sludge to heat when using heated di­
gesters, and for a fixed loading rate the detention time of 
the solids in the system is increased. 
Keefer (88) in 19^7 recognized these advantages and 
attempted to digest sewage sludge on a batch basis at total 
solids concentrations of 5.3, 15.0, 25.0 and 32.5 percent. 
The sludge was thickened by adding ferric chloride in con­
centrations up to 0.24 percent to a mixture of three parts raw 
sludge to two parts digested sludge. A control digester was 
set up containing the sludge mixture at 5.2 percent total 
solids, to which no ferric chloride had been added. The re­
sults obtained indicated that the digestion rate of sludge 
containing ferric chloride was retarded. Increasing the 
solids to 32.5 percent also retarded digestion. In 1951 
Torpey (I68) at the New York Bowery Bay sewage treatment plant 
was faced with the problem of having insufficient digester 
capacity to digest the sludge produced in the plant. To solve 
the problem, he thickened the sludge from the primary tanks 
and a modified aeration process to 11.2 percent (170), re­
ducing the volume to such an extent that only a small fraction 
of the digester plant capacity was then required for digestion 
Loadings as high as 0.123 to 0.19 lb volatile solids added per 
cu ft per day at a detention time of 31 days were achieved. 
After standing without feeding for 70 days in a secondary di­
gester, the supernatant contained 1.4 percent solids while 
the concentration of settling sludge increased from 5.4 to 8.5 
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percent. In 1953 the secondary treatment process In the 
plant was changed from modified aeration to step aeration 
activated sludge. It was found possible to thicken the com­
bined primary and activated sludge to 6 percent total solids. 
A single digester was loaded with thickened sludge at rates 
of 0.157 to 0.193 lb volatile solids added per cu ft per day 
at a detention time of 15 days. Torpey mentioned that certain 
precautions should be taken when digesting sludge at high 
concentrations and high loading rates. The system should be 
well mixed, the sludge should be fed almost continuously and, 
when starting the digesters, the load should be increased 
gradually over slightly longer periods of time than are 
usually required, 
A comment on the foregoing work regarding the volatile 
matter remaining in the digested sludge is necessary. When 
the raw sludge volatile solids content was approximately 79 
percent, thé volatile solids content of the digested sludge 
was approximately 60 percent giving a reduction of only 24 
percent. According to a graph of percent volatile solids in 
raw sludge versus percent reduction of original volatile 
matter when sludge is considered to be digested, published by 
Schlenz (153b), a reduction of 83 percent would be expected. 
However, at the Bowery Bay Plant digested sludge is barged to 
sea for ultimate disposal, A plant which dries digested 
sludge on sand beds may find it necessary to reduce the vola-
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tile matter to a greater degree than that obtained by Torpey. 
Rankin (130b) discussed the foregoing article and sug­
gested that a disadvantage of continuous feeding is the need 
for the continuous disposal of sewage sludge. To overcome 
this problem, sludge prethlckenlng and a sludge holding tank 
could be used. A distinct advantage of the, prethlckenlng 
step Is the elimination of the digester supernatant return to 
the plant, a practice that frequently has detrimental effects 
on treatment results. However, Kraus (95) in 19^5 used di­
gested sludge and supernatant liquor to successfully control 
the bulking of sludge in the activated sludge process at 
Peoria, Illinois. As a continuation and extension of his 
studies of feeding thickened sludge at high loading rates to 
plant scale digesters, Torpey (169) in 1953 put into operation 
a six cubic foot capacity pilot high rate digester. Thickened 
sludge at approximately 5.3 percent total solids and 75 percent 
volatile solids was fed to the pilot digester at increasing 
loading rates until the digestion process failed. Failure 
occurred at detention times less than 3«2 days and at loading 
rates greater than 0,87 lb volatile solids added per cu ft per 
day. At this critical condition, the gas production was 6,8 
cu ft per day per lb of volatile solids added, the volatile 
acid concentration was 1700 mg/l and the volatile solids con­
tent of the digested sludge was 63,1 percent. As the loading 
rate increased the volatile solids content of the digested 
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sludge and the volatile acids concentration of the digester 
liquor increased slowly,, until a detention time of five days 
was reached. Below that detention time, there was a rapid 
increase in the volatile solids and volatile acids content of 
the sludge. The plant digester was fed similar sludge at a 
rate of 0.18 lb volatile solids added per ou ft per day with 
a detention time of 13.3 days. The digested sludge had a 
volatile solids content of 62.7 percent and the gas production 
was 8.5 cu ft per day per lb of volatile solids added. At 
equivalent loading ratés, the data appeared to show that the 
pilot plant was slightly more efficient in gas production 
and volatile solids reduction. 
Based upon a comparison of the efficiency and rate of 
digestion of the pilot plant and the plant digester Torpey 
concluded that the plant loading rate could be tripled if the 
total volume of the plant digester could be effectively uti­
lized. He recommended digestion capacity of 0.4 cu ft per 
capita in the design of digesters as opposed to 2,0 to 6,0 
cu ft per capita as was common practice at that time (86), 
Schlenz (I53b) discussed Torpey's work and was critical 
of the possible interpretation of the results. He showed the 
plant digester to be only 90 percent as efficient as the pilot 
digester after taking into account the variability of the feed 
to the plant digester and the uniform feed to the pilot di­
gester, the comparison of data for the same time periods and the 
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reduction In volatile solids, Schlenz showed an unfavorable 
comparison between volatile solids reductions obtained by 
Torpey and expected reductions as based on the experiences at 
many sewage treatment plants. He disagreed with the low 
values for detention time recommended by Torpey for design 
purposes and presented data which showed a possible raw sludge 
production for a five day period up to 240 percent of the 
average raw sludge production, 
Heukelekian (72b) also discussed Torpey*s work and 
stated that the success obtained in operating the pilot di­
gester at such a high loading rate could be attributed to 
sludge thickening, effective utilization of tank volume and 
uniform feeding of raw sludge. The reason for failure may 
have been related to the generation time of the organisms in 
the digesting sludge. 
In 1955 (152) Sawyer and Schmidt studied the digestion 
of sewage sludge at total solids concentrations ranging from 
1.35 to 5•20 percent. They found that the most important con­
sideration in operating high rate digestion units was detention 
time. The volatile solids destruction, gas production, pH and 
alkalinity declined with decreasing detention times. Satis­
factory operation was achieved with detention times as short 
as 11 days and loading rates of 0,48 lb volatile solids added 
. . . .  . . . . .  . . .  
per cu ft per day. The reduction in volatile matter at this 
loading rate was approximately 54 percent and the gas produc­
6l 
tion was 9.0 cu ft per day per lb of volatile solids added. 
An attempt to digest sludge on a batch basis at solids 
concentrations of 10, 20, 30 and 50 percent was made by Schulze 
(157) in 1958. The digestion process was retarded with 10 per­
cent solids and stuck digestion occurred after two days with 
the higher sludge concentrations. The cause of retardation 
and stuck digestion was thought to be the extremely high val­
ues of volatile acids concentrations obtained in the experi­
ment i.e. 25,000 mg/l with the 30 percent solids and 55,000 
mg/l with 50 percent solids. The pH values remained above 
6,0 except in the case of the digester containing the 50 per­
cent solids. This experiment shows that the acid forming 
organisms can function in the presence of high concentrations 
of volatile acids. Successful digestion was eventually ob­
tained with a sludge solids concentration of 37 percent, A 
normal ::rate of gas production was obtained, as measured by a 
control digester of actively digesting sludge, Schulze con­
cluded from the studies that feed rate is the most important 
parameter in maintaining good digestion. In 1963, Buzzell 
and Sawyer (26) while attempting to determine the cause of di­
gester failure, digested sewage sludge at 4, 6, 8 and 10 per­
cent total solids in the feed sludge. The digesters were 
operated successfully with a feed sludge having a volatile 
solids content of 62 to 86 percent and with a detention time 
of 10 days. The decision of the author to study the effect of 
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solids concentration on the digestion process was based on 
the results of the foregoing works. It was felt that a more 
thorough study covering a wider range of solids concentrations 
was needed. 
Sawyer and Grumbling (150) reported an association be­
tween digester upset and mixing difficulties. Buzzell and 
Sawyer (26) noticed in experiments where the solids concentra­
tions fed to digesters ranged from 4 to 10 percent that gas 
bubbles tended to become trapped in the units receiving 6, 8 
and 10 percent solids feed. Mixing under this condition was 
inefficient. These observations suggested to Buzzell and 
Sawyer the necessity of a study to determine the relationship 
between the sludge viscosity and the solids in digesting 
sludge. Previously, Hatfield (70) had shown that the apparent 
viscosity of sewage sludge Increased exponentially as the 
total solids content increased. Behn (16-17) discussed the 
results of several studies and concluded that digested sludge 
is probably a Bingham plastic with the possibility of pseudo-
plastic^ and thixotropic^ behavior. Buzzell and Sawyer (26) 
-J. 
Bingham plastics possess a rigidity enabling them to 
withstand a certain amount of stress, termed the yield value. 
When the shearing force exceeds this, the internal structure 
seems to collapse and the shear stress increases proporloh-
ately with the shear rate. 
2 
Pseudoplastic liquids behave as though their particles 
become more aligned at higher shearing rates thereby offering 
relatively less resistance to flow. 
^Thixotropic liquids tend to become less viscous as the 
period of shear at a given rate continues. 
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obtained results which Indicated that digesting sewage sludge 
Is a pseudoplastic material with only slight thlxotroplc be­
havior, The viscosity of digesting sewage sludge Is depend­
ent upon the total and volatile solids concentrations of the 
sludge. They concluded that the viscous nature of digesting 
sludge may be a limiting factor In the design and operation 
of high rate digesters because of inefficient mixing and in­
flation of the sludge mass by entrapped gas bubbles. 
Study of effect of activated carbon on the rate of 
sludge digestion has produced conflicting results (91, 145, 
173), Rudolfs and Trubnlck (145) and Keefer and Kratz (91) 
observed an Increased rate of digestion and gas production 
with additions of activated carbon in concentrations up to 
20 gm/l. Rudolfs and Trubnlck noticed that 7.5 car­
bon reduced digestion time from 127 days to 69 days and 15 
gm/l reduced the digestion time to 42 days. They did con­
clude that carbon was not so effective in a digester operat­
ing correctly as when unbalanced conditions prevail. When 
activated carbon was added to the digesting sludge, the drain 
ability of the sludge was Improved, the pH value was maintain 
ed at a higher level, volatile matter reduction was greater 
and the carbon dioxide content of the gas was lower. Walker 
(173) found that additions of 5 to 15 mg/l of carbon did not 
affect the digestion process at 28° c and 45°C, Concentra­
tions of carbon above this amount decreased the gas produc-
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tlon. Digestion at 20° C was improved by the addition of 5 
to 15 mg/l of activated carbon. At all temperatures carbon 
increased the drainability of the sludge, the optimum dose 
being 30 mg/l, and increased the methane content of the gas 
produced. Keefèr and Kratz (91) obtained optimum benefits 
with regard to total gas production, rate of gas production 
and the quality of the gas produced with activated carbon 
additions of approximately 45 mg/l. The tenterature of diges­
tion was 28° C. The authors quoted Rogers (134) as having 
been able to Increase the rate of sludge digestion in a full 
size plant with activated carbon. 
However, at a later date, Keefer and Kratz (89) studied 
the comparative effects of lime and activated carbon on sludge 
digestion and found no benefits uglng activated carbbn at con­
centrations of 116 mg/l. Flower £t £l. (49) discussed operat­
ing experiences at various plants using activated carbon in 
the sludge digestion process. Reports of odor reduction, scum 
nuisance elimination, improved drainability of sludge, accel­
erated and Increased gas production were mentioned. They 
found from experiments that 200 mg/l activated carbon in­
creased gas production but higher dosages did not help. The 
carbon had little effect on the pH of the digesting sludge. 
Morgan (II6) in 1954 studied the effect of gas mixing and the 
addition of coke on the sludge digestion process. The results 
/ 
glowed that coke additions up to 1,05 lb per 100 gal of raw 
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sludge (a concentration of approximately 126o mg/l) had little 
effect upon the digestion process. 
Rudolfs (137) in 1932 attempted to improve the digestion 
process with regard to time for digestion, gas production and 
drainability of the digested sludge by adding protein and fat 
hydrolizing enzymes to digesting sludge under optimum condi­
tions for the action of Ithe enzymes. No beneficial effects 
were obtained. In 1953, McKinney (111) discussed the bio­
chemistry of waste treatment processes and concluded that a 
biological treatment system which is designed correctly and 
operated according to the design principles will not benefit 
from the addition of organic catalysts. This conclusion has 
been supported by McKinney and Poliakoff (112) Heukelekian and 
Berger (76) and Grune and Sload (68). Heukelekian and Berger 
(76) also attempted to increase the rate of sludge digestion 
by culture additions. They found that the addition of bac­
terial cultures and yeast to non-sterile, fresh solids had no 
significant effect and such addition to sterile, fresh solids 
initiated the liquefaction portion of the digestion process. 
D. Digester Control 
An important factor in digestion control is the buffering 
capacity, or resistance to change in pH, of the digesting 
sludge. The alkalinity of a digesting sludge is directly pro­
portional to its buffering capacity, Simpson (I60) states 
that "the buffering capacity of raw sludge is due, almost en-
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tlrely, to the alkalinity of the carriage water, and if 
this alkalinity is low it will be destroyed by the organic 
acids produced in the first stage of digestion resulting in 
a fall in pH and inhibition of the methane producing bacteria." 
However, in normal digestion several reactions occur which 
produce ammonia which can combine with carbon dioxide and 
water to produce the buffer amimnium bicarbonate. The ammoni­
um bicarbonate also contributes to the alkalinity of the di­
gesting sludge. Desirable values of alkalinity in digesting 
sludge range from 2000 to 4000 mg/l (7, 34, 35, 58, 177). 
Higher alkalinities have been reported by Haseltine (69) and 
Garber (53) with thermophilic digestion, presumably due to a 
greater degradation of proteinaceous material. Albertson (2) 
studied the effect of ammonia-nitrogen on digester operation 
and observed that concentrations above 1250 mg/l at a pH close 
to 7,0 were associated with digester failure. He stated that 
an increase in alkalinity in a digester tends to increase the 
permissible operating level of the volatile acids. An empiri­
cal equation relating pH, ammonia-nitrogen, carbon dioxide 
and volatile acids was presented. The toxicity of ammonia to 
the organisms in the sludge digestion process appears to be 
due to the free ammonium ion (107). At any given ammonia-
nitrogen concentration, the existence of free ammonia will 
depend upon the pH of the system. As the pH is decreased, a 
greater ammonia-nitrogen concentration can be tolerated 
without free ammonia occurring. Prethickening of sludge tends 
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to increase the ammonia-nitrogen concentration but Albertson 
(2) does not believe that this will have a significant effect 
on the digestion process if the solids concentration of the 
sludge is less than 12 percent. He does suggest that, if 
problems do arise due to excessive ammonia-nitrogen concentra­
tions, they can be solved by neutralizing with hydrochloric 
acid or by reducing the pH of the digesting sludge with car­
bon dioxide. 
The practice of liming to start up digesters and control 
their performance has received much discussion (4$, 55, 119, 
133, 1^9, 155, 156), The outcome of a sewage treatment plant 
operators' forum in 19^9 (45) was to recommend the use of 
lime. Giles (55), Rockercharlie (133) and others have found 
the addition of lime to digesters to benefit the process and 
to assist in scum control, Cassell arid Sawyer (31) found the 
use of lime to be beneficial in the starting of high rate di­
gesters. A loading rate of O.I62 volatile solids added per 
cu ft per day and a detention time of 20 days could be tolera­
ted in the start up of high rate digesters if the pH were 
maintained at 6.8 to 7.2 by liming. Without liming, digestion 
did not develop in a high rate digester operated at a 30 day 
detention time and volatile solids loading of 0.045 lb added 
per cu ft per day, Schlenz (155, I56) did not advocate the 
liming of digesters, Simpson (I60) believed that in many in­
stances the disappointing results obtained in the past with 
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liming digesters may have been caused by liming in an un­
scientific fashion. He stated that some of the problems which 
can be associated with irresponsible liming are; incomplete 
mixing of the lime such that it gravitates to the bottom of 
the digester and solidifies; the creation of areas of intense 
alkalinityJ over-adjustment of the pHj absorption of carbon 
dioxide by the lime, which may cause a partial vacuum in a 
fixed cover digester; the precipitation of calcium carbonate 
scale on the equipment inside the digester; and the removal of 
carbon dioxide which is necessary to the metabolic activity 
of some organisms. Sawyer et and Neuspiel and Morgan 
(149, 119) used the volatile acids concentration present in a 
digester as a basis for liming. The conclusion reached was 
that the addition of lime in a quantity equivalent to 200 per­
cent of the volatile acids present was the optimum amount for 
the relief of stuck digesters. Values of pH up to 10.0 can 
be tolerated. The addition of lime on a controlled basis of 
14 lb lime, per 1000 cu ft of digester capacity started the 
digestion process more rapidly than without lime. Lime was 
not essential to start the digesters, McCarty (102) has dis­
cussed the use of lime for controlling the pH in digesters and 
concluded that no beneficial effects result from the addition 
of lime to raise the pH above 6.7 to 6,8, After this point, 
the lime combines with the carbon dioxide in the digester to 
form insoluble calcium carbonate which is ineffective in 
neutralizing excessive volatile acids or for raising the pH. 
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Sodium bicarbonate Is recommended as one of the most effec­
tive materials for pH control because of the greater ease of 
addition, control and handling. 
Foaming Is a problem experienced In many anaerobic diges­
tion systems. Schlenz (154) defines foaming in digesters as 
the situation in which froth, gas and scum rise in the gas 
vents to overflowing. Some of the possible causes of foaming 
as given by Schlenz are; excessive loadings of raw solids 
with respect to the digesting solids in a digester, causing a 
rapid production of acids which, when they react with carbon­
ates and bicarbonates, produce a large amount of carbon diox­
ide; changes in pH; the viscosity of the scum or liquid in 
the digester; and a restricted gas vent area. Another 
possible cause of foaming in an unheated digester may be the 
onset of warmer weather after a cold period thus stimulating 
the gas-producing organisms. The remedies suggested by 
Schlenz (154) include the balancing of the quantities of raw 
and digesting sludge solids in the digester, the addition of 
lime, chlorination with 3 to 4 mg/l chlorine, and reducing 
the loading to the digester. 
Oxidation-reduction potential has been used as a method 
of process control in sewage treatment. Little attention has 
been paid to its use in anaerobic digestion (65). The bio­
chemical decomposition of organic compounds Involves several 
oxidation-reduction reactions. According to Hewitt (80), the 
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oxidation-reduction systems in cells are so essential that 
life may be defined as a continuous oxidation-reduction sys­
tem. Electrons are transferred between compounds in oxidative 
and reductive reactions resulting in potential changes. The 
basic equation (38) relating the oxidative state of a thermo-
dynaraically reversible system to the resulting potential is: 
Eh is the potential of the system referred to the normal hydro­
gen électrode and EQ is a specific constant for the system, 
both being measured in volts. R is the universal gas constant, 
T is the absolute temperature, n is the number of electrons 
transferred in the reaction and F is the Faraday Constant. 
The molar concentrations of oxidant and reductant are (OXID) 
and (RED) respectively. During the metabolic processes of 
microorganisms, a definite oxidation-reduction potential is 
maintained in a particular organism-substrate system. The 
factors which influence the potential and the rate of change of 
the potential are: the pH; the tendency of the system to take 
up or give off electrons; the temperature of the solution; and 
the ratio of the concentration of the oxidant to that of the 
reductant. (65). Many who have discussed the measurement of 
oxidation-reduction potentials emphasize that the measurement 
is difficult and a profound understanding of the underlying 
principles is necessary for meaningful interpretation of the 
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results. G rune ^  (65) determined the range of potentials 
for raw sludge to be 85 to -20 mv with a rapid rate of 
change under proper seeding and temperature conditions. For 
well digested sludge the potential was found to be -25O mv 
with a slow rate of change, and for actively digesting sludge 
the potential range was -100 mv to -250 mv, Dlraslan £t al, 
(38) found that optimum digestion appeared to be a function 
of a healthy methane producing flora which seemed to thrive 
best at potential levels between -520 and -530 mv. The organ­
isms continued to function, however, over a range from -490 
to -550 mv. 
Agardy et (1) experimented with the use of enzyme 
activity as a parameter of digester performance. They employ­
ed a synthetic substrate seeded with screened, digested sludge. 
The results showed a rapid increase in proteolytic enzyme ac­
tivity during the onset of digestion failure, and a rapid 
decrease in proteolytic activity when complete fermentation 
failure occurred. 
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III. GENERAL 
The purpose of this dissertation is to determine the 
effect of solids concentration in the digester on the anaero­
bic digestion of domestic sewage sludge. This aspect of 
sludge digestion was studied as a thesis topic because of the 
increasing number of sewage treatment plants which practice 
sludge thickening before the raw sludge is added to sludge 
digesters. As a result of the increased use of sludge 
thickening prior to digestion, the solids concentrations in 
many treatment plant,digesters have increased to levels not 
usually obtained previously. The increased solids concentra­
tions in the feed sludge and in the digesting sludge have 
allowed the use of higher loading rates to digesters. Keefer 
(88), Torpey (168, 169), Sawyer and Schmidt (152) and Schulze 
(157) studied the effect of sludge solids concentration on 
the anaerobic digestion process. However, the sludge solids 
concentrations used in their studies did not cover the range 
of concentrations expected in practice using sludge thickened 
prior to digestion. Sawyer and Schmidt (152) studied the 
digestion of sludge at solids concentrations of 1.35 to 5.2 
percent. Torpey (I68) obtained solids concentrations in di­
gesting sludge as high as 6.8 percent and Keefer (88) digested 
sludge at a solids concentration of 15 percent. The solids 
concentration of sludge thickened prior to digestion is usual­
ly between 4 and 12 percent. The upper limit is set by the 
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equipment available for conveying the sludge from the thicken­
ing unit to the digestion unit. 
In this study six temperature controlled, completely 
mixed, experimental digesters were used to study the effect of 
solids concentration on digestion. The digesters were num­
bered 1, 2, 3, 4, 5 and 6 and the solids concentration of the 
sludge in each digester was maintained approximately constant. 
An attempt was made to keep the solids concentrations close 
to 2, 4, 6, 8, 10 and 12 percent in digesters 1 through 6, 
respectively. Raw sewage sludge was fed to the digesters once 
daily just after withdrawing an equivalent amount of digesting 
sludge. The solids concentration of the raw feed sludge was 
controlled so that the desired solids concentrations in the 
digesting sludges could be maintained. The sludge withdrawn 
from the digesters was analyzed to determine the character-
Istics of the digestion process. Analyses were made on the 
digesting sludge to determine the total and volatile solids 
concentrations, the volatile acids concentration and the indi­
vidual volatile acids present, the dewatering characteristics 
of the sludge and the other parameters normally used to follow 
the course of sludge digestion. The gas produced in the di­
gesters was also analyzed. 
Three test runs were made. The first run was made using 
Pyrex bottles for digesters. In this run the digesters were 
not started at the ultimate desired total solids concentra-
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tlons. Actively digesting sludge from the Ames, Iowa, sewage 
treatment plant was used to start all of the digesters at the 
same solids concentration. The total solids concentrations in 
the digesters were changed over a period of time to the de­
sired values by adjusting the solids concentrations in the 
feed sludge. After 43 days and before the desired concentra­
tions were reached, the digester bottles failed. 
The second test run was made using aluminum digesters. 
They were started at 2, 4, 6, :8, 10 and 12 percent solids 
concentrations as discussed in the procedure. However, al­
though the run lasted for 51 days, the digestion reached a 
stable condition for short periods of time only in digesters 
1, 2 and 3. In digesters 4, 5 and 6, stable conditions did 
not exist at any time. The author believes that this was due 
to an attempt to start the digesters at too high a loading 
rate. 
The third test run was started and proceeded satisfac­
torily throughout the run, which lasted 72 days. For this 
reason, most of the data and discussion refer to the results 
of this run. If other data are referred to, they will be 
specifically mentioned. Initial loading rates to the diges­
ters were low. When the gas production appeared to reach a 
uniform value, the loading rate was increased. At each load- * 
ing rate, the various analyses were made to determine the di­
gestion characteristics under those conditions. This proce­
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dure was repeated until digestion failed. 
The results expected from the study were: 
1. Detention time will be the dominant parameter affect­
ing the digestion process. The rate and degree of 
decomposition of the sludge solids in the process are 
determined by the organisms involved and the detention 
time of the sludge particles in the digester. If the 
detention time is so short that the methane producing 
organisms cannot become firmly established.in the di­
gesting sludge, digestion failure will occur. The 
minimum time a sludge particle must remain in a di­
gester for good digestion is correlated to the genera­
tion time of the methane producing organisms. 
2. As the solids concentration of the digesting sludge 
increases, the maximum organic loading rate which 
can be achieved without digestion failure will in­
crease. Assuming a constant detention time, the 
organic loading rate will increase as the solids con­
centration is increased. If detention time is the 
most important parameter affecting the digestion pro­
cess, then the expected result regarding the maximum 
loading rate will be correct, 
3. A factor which will limit the continuous increase of 
loading rate without digestion failure by increasing 
the solids concentration is the viscosity of the 
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sludge. As the solids concentration increases, the 
viscosity of the sludge increases. The increased 
viscosity will adversely affect the mixing efficiency 
and eventually digestion failure will occur. 
4. As the detention time decreases, the degree of decom­
position of the sludge solids will decrease because of 
the shorter time the organisms will have to metabolize 
the organic portion of the solids. This should result 
in lower gas production per weight of sludge handled. 
5. The volatile acids concentration in the digesting 
sludge will increase as the solids concentration in­
creases, since there will be less liquid available to 
. dilute the volatile acids produced by the acid pro­
ducing organisms. 
6. Propionic acid will appear in digesting sludge when 
digestion begins to fail. 
7. The specific resistance of the digesting sludge will 
decrease as digestion continues. Digested sludge 
should be easier to dewater than raw sludge, 
8. The pH of digesting sludge will drop as the detention 
time decreases due to the accumulation of volatile 
acids. The acid producing organisms are apparently 
less affected by detention time than are the gas 
producers. 
9. The alkalinity of digesting sludge will decrease as 
the detention time decreases, but will Increase as 
the solids concentration Increases. 
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IV. EXPERIMENTAL INVESTIGATION 
A. Apparatus 
The fundamental digestion apparatus consisted of six 
cylindrical digesters containing sewage sludge placed Inside 
a temperature controlled cabinet, A diagram of a typical di­
gester Is shown In Figure 3» The digesters were constructed 
from 12-lnch I.D., 3/8-inch wall thickness. Schedule 4o, 6063-
T6 aluminum pipe. At the end of the study, no visible signs 
of corrosion of the aluminum were evident, A l/2-inoh thick, 
circular aluminum plate was welded to one end of the cylinder, 
A flange ring was welded in the other end, and a l/2-inch 
thick cover plate was bolted to the flange ring. An "o" ring 
was used for a seal between the flange ring and the cover 
plate. Sludge was added to and withdrawn from the digesters 
through a 3/4-inch diameter aluminum tube which extended into 
the digester, A short length of rubber hose which could be 
sealed with a clamp was attached to the portion of the alumi­
num tube protruding from the digester. Two other means of 
access to the digester contents were made with l/4-inch copper 
tubing connected to holes in the cover plate of the digester, 
A quarter-turn gas tight valve was placed in one of the pieces 
of tubing to seal off the contents of the digester at all 
times, except when reading or relieving gas pressures. The 
other piece of tubing was sealed with a self-sealing rubber 
serum stopper. This tube was used for. obtaining gas samples 
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for analysis. Mixing of the contents of the digester vfas 
achieved by rotating the six digesters about a horizontal axis 
on rubber covered rollers. Figure 4 shows the position of a 
digester on the rollers within the constant temperature cabi­
net. Inside the digester, four strips of aluminum, 1-1/2 
inches wide and 1/4 inch thick, were welded to the interior 
surface parallel to the longitudinal axis. The strips, which 
remained stationary with respect to the digesters, effectively 
mixed the sewage sludge, A one-horsepower, 1700 rpm electric 
motor, connected through a gear reduction box and a chain, 
was used to drive one of the rollers. The rollers were made 
of 2-inch diameter steel tubing covered with reinforced rubber 
hose. Self-aligning, ball-bearing, pillow blocks were used 
to support the axles of the rollers at each end. The drive 
roller was connected to all but two of the remaining rollers 
by a drive chain. The six digesters were placed between al­
ternate pairs of rollers and as the rollers revolved, the 
overall effect was to rotate the digesters at a rate of nine 
revolutions per minute. 
The temperature controlled cabinet enclosed both the 
mixing apparatus and the digesters. Figure 4. Two sets of 
doors, one set glass and the other wood, were built into the 
cabinet during construction. The inner set of doors, i.e. 
the glass set, were used to view the operation of the mixing 
apparatus and digesters without disturbing the temperature 
Figure 3. Schematic diagram of a typical 
aluminum digester 
80 
GAS PRESSURE 
RELEASE TUB^ 
RING SEAL 
14' 
7^  
3/4" DIA. SLUDGE FEED TUBE 
^GAS SAMPLING TUBE 
FIXED ALUMINUM 
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Figure 4. The digesters In position on the mixing 
apparatus Inside the constant-temperature cabinet. 
A. Mixing apparatus 
B. Aluminum digester 
C. Temperature controlled cabinet 
D. Gas chromatography apparatus 
B. Helium cylinder 
F. Recording potlentlometer 
G. Drive motor for mixing apparatus 
H. Manometer 
I. Connection between conductivity cell 
and recording potentiometer 
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inside the cabinet. The temperature in the cabinet was main­
tained at 35° C 11° C using a heater and a thermostat, A fan 
circulated the heated air throughout the cabinet to maintain 
uniform temperature conditions. 
Several difficulties with the operation of the apparatus 
occurred. Initially, five-gallon capacity pyrex bottles were 
used as digesters. Pyrex bottles had been used satisfactorily 
in a previous study (40), but during an early run in this work 
several bottle failures occurred. The loss in data and time 
resulting from such a failure emphasized the need for a more 
durable material with which to construct digesters. To pro­
vide the strength required glass would be too expensive, steel 
was too heavy, plexiglass was not economically feasible and 
aluminum was subject to corrosion. A rigid digester was nec­
essary because gas volumes were calculated using the volume of 
the digester as a basis. This excluded easily deformable 
materials. A further investigation into the possibility of 
using aluminum was made and the conclusion was drawn that the 
corrosion of the aluminum due to the action of sewage sludge 
would be small. This was realized in actual operation. 
Gas leakage through the aluminum welds in the digesters 
presented problems in the early portion of this study. The 
welds were cut aiut and the digesters rewelded but the problem 
still existed although it was not quite so severe in nature. 
A solution could not be found to this problem even though 
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gasket forming compounds were used and the insides of the 
digesters were coated with fiberglass. The leakages were 
eventually stopped by placing sewage sludge inside the di­
gesters and allowing the gas pressure to build up. Solids 
were forced into the porous welds and an effective gas seal 
was obtained. 
During rotation on the mixing device, the digesters 
tended to move either forwards or backwards on the rollers. 
This problem was solved by placing guard rails in front of 
and behind the digesters. To the guard rails were attached 
rubbing brushes to prevent the rotating digesters from rubbing 
against the rails, 
B, Experimental Procedure 
Before the start of a test run, the volumes of the di­
gesters were determined and recorded. The digesters were 
weighed empty and then filled with water and reweighed. The 
temperature of the water was noted and the volume occupied by 
the water was calculated. The digesters were emptied. Active­
ly digesting sludge from the primary digester at Ames sewage 
treatment plant was thickened and added in combination with 
non-thickened actively digesting sludge to each experimental 
digester. This sludge was chosen to provide a strong popula­
tion of methane producing bacteria in the pilot digesters, 
A total weight of 8000 grams . 30 grams of sludge was added 
to each digester. The proportion of ordinary sludge to thick­
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ened sludge was governed by the total solids content desired 
in a particular digester. Where'the solids concentration 
desired was less than that of the non-thickened sludge, dis­
tilled water was added until the desired concentration was 
obtained. An attempt was made to maintain the total solids 
concentration at 2, 4, 6, 8, 10 and 12 percent in digesters 
1# 2, 3j 4, 5 and 6 respectively. It was found more conveni­
ent to maintain the concentrations at values slightly differ­
ent than those listed. The actual concentrations obtained can 
be seen in Figure 22. The remaining air in the digesters was 
flushed out with helium gas. Oxygen is harmful to many an­
aerobes and is undesirable in an anaerobic digester. All the 
inlets to the digesters were sealed. The digesters were 
placed on the mixing apparatus in the temperature controlled 
cabinet and the mixing apparatus was set in motion. The 
digesters remained in the cabinet for four days during which 
time interruptions in the mixing process were made once a day 
to relieve the gas pressure inside the digesters. No sludge 
was added or removed during this period to enable the organ­
isms in the sludge to become acclimatized to the new environ­
ment, After the fourth day, a raw sludge feeding program was 
initiated, A typical feeding program is indicated in 
Figure 17, 
Raw sludge for feeding the digesters was collected from 
the sludge well adjacent to the primary sedimentation tank at 
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the Nevada, Iowa sewage treatment plant. The sludge was mixed 
thoroughly In a 55-gallon drum and a portion of it was stored 
immediately while another portion was thickened before storage. 
The sludge was stored in quart size ice cream containers in 
a deep freeze at -20°C until required (Figure 5). Prior to 
feeding the digesters, the raw sludge was removed from the 
deep freeze and allowed to thaw in a covered bucket placed in 
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hot water. The sludge was then heated to approximately 35 C 
prior to feeding to a digester. 
Thickened sludge was prepared by filling four, one gallon 
palls with ordinary sludge. The pails previously had small 
holes drilled through their sides. Masking tape was stuck over 
the holes to prevent the sludge from running out when they 
were filled. The filled palls were placed In a deep freeze 
until the sludge was frozen. The masking tape was removed 
from the holes in the palls and the sludge was thawed. As the 
sludge thawed a large proportion of the water separated from 
the solids and drained from the palls leaving the thickened 
sludge. Using this method sludge could be thickened to a con­
centration greater than 20 percent total solids. The thick­
ened sludge was placed in quart size ice cream containers and 
placed in a deep freeze until required. 
Each day, the digesters were removed from the cabinet 
one at a time for feeding and withdrawal of sludge. The di­
gester was weighed to the nearest 50 grams on a single pan 
Figure 5. 
(left) 
Sludge stored in the deep freeze. 
Figure 60, Digester on hand mixing roller, 
(upper right) 
A. Sludge feed and withdrawal tube. 
B. Gas pressure relief valve. 
C. Gas sampling tube. 
Figure 7. Sludge gun used for feeding digesters, 
(lower right) 
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balance to determine the weight of sludge in the digester. 
The error caused by this approximation was less than one per­
cent. The digester was placed on a hand mixing roller (Figure 
6) and rotated until the end of the 3/4-inch aluminum feed 
tube inside the digester was below the surface of the sludge. 
Sludge was withdrawn from the digester feed tube utilizing the 
gas pre ssure inside the digester to force it out of the diges­
ter and into a one liter "Nalgene" graduated cylinder. As the 
clamp on the rubber hose attached to the feed tube was slowly 
opened, sludge was forced out of the digester. In previous 
work (4o) difficulties had been experienced with obtaining 
representative samples of the contents of the digesters. To 
eliminate this difficulty, a pair of rollers were constructed 
so that a digester could be rolled at a relatively high speed 
by hand immediately before withdrawing sludge (Figure 6). 
- After an amount of sludge in excess of that required had been 
withdrawn, the remaining gas pressure was released to the 
atmosphere. In cases where high gas pressures were obtained, 
it was found to be safer to release some of the gas before 
withdrawing sludge. The excess sludge withdrawn was used as 
seed and was returned to the digester along with the raw sludge 
being fed that day. The amount of sludge withdrawn from a di­
gester was determined by the weight of sludge in the digester 
and the amount of sludge to be fed to the digester that day. 
The weight of sludge in each digester was kept approximately 
constant at 8000 gm. Usually it was necessary to withdraw and 
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and waste less sludge than was to be added on a particular day 
because of the amount of sludge lost due to digestion. 
The dally production of gas was measured by observing 
the gas pressure build up in the digester from one daily 
feeding to the next. The gas outlet tube of a digester was 
connected to a seven-foot Meriam mercury manometer and the 
pressure was measured in centimeters of mercury. This reading 
was converted to ft^ of gas produced at standard temperature 
and pressure, A correction was made to allow for the solu­
bility of carbon dioxide in the sludge. The analyses made on 
the gas and the digested sludge are discussed in the section 
on analyses. 
Sludge was fed to the digester using the sludge gun 
shown in Figure 7. The gun was made of a l4-inch length of 
2-3/4-inch diameter brass tubing to the end of which had been 
brazed a nozzle. A piston made watertight with two "o" rings 
was used to force sludge from the gun. The amount of sludge 
to be fed to a digester was poured into the gun and the piston 
replaced. While holding the gun in a vertical position with 
the nozzle upmost, the piston was depressed until all the air 
had been expelled. The nozzle was then connected to the feed 
tube of a digester and the sludge was forced into that 
digester. 
The feed sludge for a particular digester was made up 
from non-thickened sludge and thickened sludge or distilled 
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water, depending upon the total solids concentration of the 
feed sludge required to maintain the desired total solids con 
centration Inside the digesters. A 1000 gin capacity spring 
balance was used to weigh out the quantities of the materials 
needed to make up the feed sludge. The sludge was heated to 
35° C and thoroughly mixed with excess digesting sludge previ­
ously drawn from the digester* 
The operating procedure for feeding the digesters and 
making the analyses to determine the course of digestion may 
be summarized in the typical daily schedule shown below; 
1, Cartons of thickened and non^-thickened sludge were 
taken from the deep freeze and placed in buckets in 
a hot water bath. The approximate amount of each 
type of sludge required had previously been deter­
mined according to the feeding rate schedule for 
the digesters, 
2, The amounts of sludge required by each digester 
were made up in the specified concentrations and 
heated to 35° C. 
3, The temperature in the cabinet was checked, 
4, The driving motor for the cabinet mixing apparatus 
was stopped, 
5, Each digester was connected to the manometer in turn 
and the gas pressure measured, 
6, If.;desired, a sample of gas was taken for analysis. 
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7. A digester was removed from the cabinet, weighed, 
then placed on the two hand-operated rollers and 
the digester contents were mixed. 
8. Sludge was withdrawn from the digester as described 
previously. 
9. Excess gas pressure was released.to the atmosphere, 
10. Sludge withdrawn In excess of that which was nec­
essary was mixed with the feed sludge to the digester, 
11. The remaining sludge withdrawn from the digester 
was either kept for analyses or wasted. 
12. The digester was fed, sealed and replaced In the 
cabinet and the procedure was repeated with the 
other digesters. 
13. After all the digesters had been fed, the cabinet 
was closed and the mixer drive motor was restarted. 
The time required to complete the procedure from making up the 
feed sludge to restarting the apparatus was between one and 
two hours. The times taken to complete the various analyses 
and operations In this study are shown In Table 35 In the 
Appendix. • 
The only serious problem encountered In the overall pro­
cedure was the collection of supplies of raw sewage sludge. 
On three or four occasions, the raw sludge from the primary 
sedimentation tanks at Nevada showed the characteristics of a 
partially digested sludge. It was black, the total solids 
concentration was high and the volatile solids concentration 
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was low. Fresh sludge is usually brown in color, has a rela­
tively low total solids concentration, and has a high volatile 
solids concentration. When this occurred, sufficient sludge 
was collected to last only until fresh sludge could be obtain­
ed. The results of using such partially digested sludge are 
indicated in Figure 17 by the gas production values between 
days 40 to 45. , 
C, Analyses 
The digestion within the six digesters was controlled 
and its progress evaluated by making several analyses of the 
sludge and the gas produced. In most cases, the tests are 
recognized by Standard Methods (3) as being the standard tests 
for use in sludge digestion studies. It was necessary through­
out the digestion studies to obtain certain information about 
the digestion process for which no standard test is recommen­
ded, When this situation occurred, a test was either obtained 
from another source or developed to suit the particular pur­
pose, The exceptions to the standard tests are fully described 
in this section, A discussion of the value of most of the 
tests will be found in the Literature Review, 
1, 2H 
The pH of a liquid is defined as the logarithm to the 
base 10 of the reciprocal of the hydrogen ion concentration. 
All pH values of the raw and digested sludges were measured 
in accordance with Standard Methods using a Beckman Zeromatic 
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pH meter. Model 96OO equipped with a manually operated temper­
ature compensating circuit. 
2. Volatile acids 
The sludge withdrawn from each digester was tested for 
volatile acids using the "Distillation Method (Tentative)" as 
described in Standard Methods, 
3. Alkalinity 
Alkalinity of the supernatant obtained after centrlfuging 
the sludge obtained from the digesters was determined in 
accordance with the potentiometrlc method described in Standard 
Methods, An exception to Standard Methods was made in the 
cases of high alkalinity values. Instead of using 0,02 N 
sulfuric acid as recommended, 0,1 N sulfuric acid was used. 
This was necessary because of the size of titration beaker 
used, 
4. Total and volatile solids test 
The total solids and volatile solids in the raw and di­
gested sewage sludges were determined by the standard tests 
commonly used in sludge digestion studies and fully described 
in Standard Methods, A resume of the tests will be given to 
assist in understanding the results of the digestion studies. 
The total solids test determines by evaporation on a 
100 C°water bath the quantity of solid material, including 
settleable, suspended, colloidal and soluble solids, in a given 
weight of sludge. The results are usually reported in per­
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centage form. The volatile solids test attempts to determine 
the quantity of organic matter present in a given sludge. The 
dried solids obtained in the total solids test are burned in 
a muffle furnace at 600°C for one hour. The organic matter 
is volatilized leaving the "fixed" solids. The volatile 
solids content, or the loss in weight of the total solids, is 
expressed as a percentage of the total solids weight. 
In the operation of the digesters, the total solids test 
by itself was necessary to determine the make-up of the feed 
sludge and the solids content maintained in the digesters. 
The total solids test and the volatile solids test were used 
together to determine the loading rates to the digesters and 
to determine the destruction of volatile matter in the di­
gesters. 
5. Gas production 
The volume of gas produced in digesters 1 through 6 was 
measured once a day just before feeding the digesters. After 
feeding a typical digester, the gas pressure relief valve 
(Figure 3) was left open until the pressure inside the di­
gester was the same as the pressure outside the digester. 
When the pressure inside the digester was the same as atmos­
pheric pressure the digester was sealed by closing this valve. 
Suppose the volume of gas inside the digester at this time was 
Vp at a standard temperature (Tg) and a standard pressure 
(Pg). Let the atmospheric pressure be represented by 
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The digester was then placed on the mixing apparatus 
inside the temperature controlled cabinet until it was fed 
again, approximately 24 hours later. Gas which was produced 
inside the digester during the 24 hours could not escape from 
the digester, resulting in a pressure build up. At the end of 
24 hours the pressure inside the digester was measured using a 
mercury manometer. Let the pressure indicated by the manometer 
reading be represented by Pjyj. Suppose the volume of gas in­
side the digester at the end of 24 hours was Vg at a standard 
temperature (Tg) and a standard pressure (Pg)» Let the atmos­
pheric pressure be represented by Thus the volume of gas 
produced (Vp) in the 24 hours of digestion is the volume of 
gas at the end of the 24 hours (Vg) minus the volume of gas at 
the beginning of the 24 hours (Vg), 
Vp = Vg - Vg 
The temperature of digestion is represented by Tjj and the vol­
ume of the digester occupied by gas is represented by Vp 
(liters), Vjj is determined by subtracting the volume of di­
gesting sludge from the volume of the empty digester. Vg and 
Vg may be determined using ideal gas laws. The volume of gas 
at the beginning of the 24 hours is determined from; 
VD'^AB'^S 
Pg'Tb 
^D'^AB OR 
'B = 
Tc 
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The total pressure Inside the digester at the end of the 24 
hours is: 
Ptotal — ^AE 
The volume of gas inside the digester at the end of the 24 
hours is determined from; 
(^AE + VgePg 
Ts 
or Ve = (^AE + 
Ps . % 
Hence Vp=Vg - Vg VD^s jX^AE + ^M) - ^A:^ 
^8% 
A study of previous records indicated that the difference in 
barometric pressure in 24 hours was negligible (i.e. PaB~^Ae)* 
The maximum variation was approximately one centimeter of mer­
cury in a 24-hour period. The average variation was only three 
millimeters of mercury. 
Thus, Vp = C.Pjyi 
Pm 
% 
^8% 
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The following standard conditions were assumed: 
Tg = 0°C 273°K (degrees Kelvin) 
Pg = 76 centimeters of mercury 
Tp = 95°P = 35°C = 308°K 
Pjyj = manometer reading (centimeters of mercury) 
Therefore Vp = ( V p ) ( ^ 7 3  K )  liters 
(76) (308°K) 
= (^D)^M)(^73°K) ft 
(76)(308°K)(28.32) 
Vp = (4.14 X 10"'^)(Pm)(Vd) cu ft 
All gas productions were calculated from this expression. 
The exact quantitative volumes of gas may vary from those 
determined by this method by about 1,3 percent, but compari­
sons between digesters are always valid. 
A correction was made to the gas production data to 
account for the loss of carbon dioxide due to the solubility 
of carbon dioxide in the sewage sludge, Henry's law was used 
to calculate the correction, Henry's constant (k) for sludge 
was assumed, equal to Henry's constant (k) for water (36) 
because a literature search did not reveal any work which had 
been done on the solubility of carbon dioxide in sewage sludge, 
Henry's law states that: 
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K = Pressure of gas A in millimeters 
Nj^ Mole fraction gas A in solution 
nC02 — (P)(Rco2)(M) 
(KC02)(18.Q2) 
where n„_ is the number of moles of carbon dioxide in 
CO2 
solution. 
P is the pressure in the digester in milli­
meters of mercury, 
Rqq2 is the percentage of carbon dioxide in the 
gas in the digester. 
W is the weight of sludge in the digester in 
grams. 
IS Henry's Constant for the solubility of 
carbon dioxide in water, 1.25 x 10^ at 
25° c (36). 
The volume of carbon dioxide dissolved in sludge at a 
standard temperature and pressure of 0° C and 76 centimeters 
of mercury is; 
Vpoo = (P)(Rrno)(W) ^ (22.4 liters per mole) 
^ liters 
Kc02(l8.02) 
Vco = (3.34 X 10-G)(P)(RC02)(W) ft 
^  . . . . .  . . . .  
where Vqq^ is the volume of carbon dioxide dissolved in the 
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sludge at standard temperature and pressure. To obtain the 
total amount of gas produced each day, the volume of carbon 
dioxide dissolved in the sludge was added to the volume of gas 
calculated at standard temperature and pressure from the gas 
pressure alone. The gas production based on the quantity of 
volatile matter added and destroyed was calculated by dividing 
the gas production for a particular day by the pounds of vola­
tile solids added and destroyed in that day. An IBM 7074 
computer was used to calculate the gas corrections. The 
program was written in Fortran II language and is shown in 
Figure 34. All gas production and gas quality data reported 
in this dissertation represent the total production of both 
methane and carbon dioxide during the run, including the 
carbon dioxide in solution in the sludge itself. The data 
shown in the Appendix in Tables 27, 28, 29, 30 and 31 are the 
corrected data. 
For example. Table 28 indicates that on days 6 and 52 
during Run 3, the gas productions in digester 3 were 6,5 and 
7.7 cu ft per lb volatile solids added respectively. The 
following data are the raw data for digester 3 on days 6 and 
52 (Table 4a), The quantity of carbon dioxide dissolved in 
the sludge was 12,2 percent of the total gas volume when the 
pressure was approximately 9 centimeters of mercury and almost 
13 percent when the pressure was approximately 8l centimeters 
of mercury. At both pressures the quantity of carbon dioxide 
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dissolved In the sludge was a significant proportion of the 
total gas volume. 
Table 4a. Raw data for digester 3 on day 6 and 52 
Manometer® Gas^ Volume° Total gas^ 
Day reading volume correction volume 
6 8.9 0.058 0.008 0.066 
52 81.5 0.526 0.078 0.604 
^Centimeters of mercury, 
^"Calculated gas productions Vp (4.14 x 10~^) (Pj^) (Vj)) 
cu ft. 
^Calculated volume of carbon dioxide dissolved In sludge: 
VcOg (3.34 X 10-8)(p)(Rçq^)(W) cu ft. 
^Sum of calculated gas volume and calculated carbon 
dioxide volume correction. 
The calculation of gas production based on the volatile 
solids added to the digester Is Indicated below. 
Table 4b. Example of gas production calculations 
Day Volatile solids added (lb) Gas production^ 
6 0.0101 6.5 
52 0.0785 7.7 
®Gu 
dividing 
ft per lb 
total gas 
volatile solids added, 
volume by lb volatile 
Calculated by 
solids added. 
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6, Gas analysis 
a. General background Numerous authors (6l, 64, 66, 
85., 97, 124) have contributed to the present state of 
knowledge regarding gas-liquid partition chromatography. In 
the last decade, gas-liquid partition chromatography (GLPC) 
has developed into an extremely valuable analytical tool. 
Grune et al. (66) showed that gas analysis is able to detect 
digester changes with greater sensitivity than many other 
parameters such as: pH; electrolytic conductivity; oxida-
tion-reduction potential; and volatile acids concentration. 
Three principle methods can be employed in gas chroma­
tography, namely, frontal analysis, displacement analysis 
and elution. In this study only elution was considered for 
digester gas analysis as it is the only method which will, 
under favorable conditions give separate peaks with negligible 
overlap for each component of a sample mixture, (Figures 8, 
9, 10). Negligible overlap of the components leaving the 
partition column was required in this study so that true 
peak heights could be determined. This is not necessary if 
one has available the apparatus for analyzing compounded 
peaks. 
The process of elution may be clarified by considering a 
column packed with an adsorbent over which a stream carrier 
gas C is passed. A volatile or gaseous sample which consists 
of components A and B is injected into the gas stream. 
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Considering an element of the column, some molecules of com­
ponent A will be retained by the adsorbitivity of the column 
packing. Component A molecules will pass from the gaseous 
phase to the column packing only during the period that the 
concentration of component A in the gaseous phase is greater 
than that on the column packing. As the carrier gas moves 
unadsorbed gas A along the column, the concentration of A in 
the carrier gas will become less than the concentration of A 
in the element of packing material. At this time molecules 
of component A will pass from the column packing back into 
the carrier gas C. Eventually, since this is a continuous 
process, a state of equilibrium will be reached in the column 
where the rate of adsorption of component A on the packing 
material will be equal to the rate at which component A 
reverts to the gaseous phase. At equilibrium, a fraction of 
component A, Xg, is adsorbed in the stationary phase. The 
result is a probability equal to (l-Xa) for each molecule of 
A to stay in the gas phase and keep moving. In a finite time 
interval, component A will move along with carrier gas C only 
(l-Xg) of the total time. 
Similar reasoning can be applied to component B which will 
only move along with the carrier gas C a fraction (l-X^) of the 
total time. If Xg Is larger than X^^ then component B will 
emerge from the column sooner than component A. The difference 
between Xq and X^ will indicate the degree of separation to be 
Figure 8, Chromatogram for ideal frontal analysis 
Figure 9. Chromatogram for ideal displacement analysis 
Figure 10. Chromatogram for ideal elution analysis 
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expected. The gaseous components are Identified qualitative­
ly by their retention times in the column. Quantitative iden­
tification of the components can be made using several methods. 
Thermal conductivity measurements are predominant at the pres­
ent time. Several factors influence the degree and type of 
separation of the components of a gas mixture in GLPC. Among 
these are the column dimensions, the nature of the carrier 
gas, the gas flow rate, the adsorbent and support materials in 
the column, the temperature of the column and the method in 
which the sample is introduced into the column. 
b. Apparatus The system used for analysis is shown 
schematically in Figure 11. Figure 12 shows the actual sys­
tem used. The flow pattern of the helium carrier gas will be 
used to describe the system. Immediately upon leaving the 
storage bottle, where a two stage cylinder regulator controlled 
the pressure in the system, the carrier gas passed through a 
Gow-Mac, TR-ll-B temperature regulated thermal conductivity 
cell. Power was supplied to the thermal conductivity cell by 
a Gow-Mac, Model 9999-D power supply unit. A temperature of 
260° F was maintained in the thermal conductivity cell and a 
current of 230 ma was applied to the detectors. The helium 
leaves the cell, passes a sample injection assembly and flows 
into the partition column. A tee-joint sealed with a self-
sealing rubber disc formed the injection assembly. The carri­
er gas and sample components upon leaving the column pass 
Figure 11. Schematic diagram of gas analysis apparatus 
helium 
valve 
two-stage 
cylinder 
regulator 
helium 
gas 
cylinder 
thermal 
conductivity 
cell 
injection 
assembly 
1 
partition 
column 
to 
atmosphere 
• flowrator 
% flow control needle valve 
S 
/7, 
recording 
potentiometer 
power . 
control / 
unit— ^ 
J 
109 
through the thermal conductivity cell. In Its simplest form, 
the thermal conductivity cell consists of two heated sources 
arranged in a Wheatstone bridge circuit with two reference 
resistors and trim resistors provided for final balancing of 
the bridge (124). One source, as previously mentioned, is 
kept in the pure carrier gas. The other source is placed in 
the effluent gas from the chromatographic column. In this way, 
the effects due to the carrier gas are nullified. As the gas 
flows past the heated sources the heat conducted away is de­
pendent on the thermal conductivity of the gas. The electri­
cal resistance of the source is in turn a strong function of 
its temperature. Hence, if one source is in the carrier gas 
and the other is in the carrier gas plus sample components, 
then a state of unbalance will exist in the bridge. This will 
be noticed as a signal sent to the recorder. The recorder 
used in this study was a Sargent recording potentiometer. 
Model MR. A l/4-lnch flow control needle valve is situated in 
the gas line following the thermal conductivity cell. To 
measure the carrier gas flow rate, a flowrator or rotameter 
was placed after the needle control valve. The carrier gas is 
released to the atmosphere after leaving the flowrator. All 
the gas lines were 1/4-inch O.D. copper refrigeration tube and 
all connections were made with Swagelock gas-tight fittings. 
c. Preparation of the chromatographlc column Grune 
et al. (6l, 66) constructed a chromatographic column using 
Figure 12. Gas analysis apparatus 
A. Helium gas cylinder 
B. Two stage cylinder regulator 
C. Temperature regulated thermal 
conductivity cell 
D. Sample injection assembly 
E. Partition column, (This diagram shows 
a column made from copper refrigeration 
tubing. A stainless steel column which 
is physically similar was used in this 
study.) 
P, Power control unit 
G. Recording potentiometer 
Figure 13. Injecting a gas sample from a digester into 
the chromatographic apparatus. 
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sillcone-grease coated firebrick which gave exceptionally 
good separations of carbon dioxide, air, methane and hydrogen 
sulfide. Based upon their experience, the chromatographic 
column used in this study was prepared in the following manner. 
An amount of Dow-Corning silicone stop-cock grease, 
sufficient to give a ratio of 40 parts grease to 100 parts of 
support material by weight, was dissolved in carbon tetra­
chloride. The support material, which consisted of C 22, 28-
40 mesh crushed firebrick, was poured into the grease solution. 
The grease solvent was evaporated in a hood under heat lamps, 
using a fan to minimize the risk of toxic effects. When most 
of the carbon tetrachloride had evaporated, it was necessary to 
stir the mixture continuously to ensure a uniform coating of 
the grease over the surface of the brick. After complete 
evaporation of the carbon tetrachloride, the grease covered 
brick was dried at 100°C for 24 hours in a temperature con­
trolled oven. When dry, the brick felt as though it were 
uncoated when held lightly between the fingers. If pressure 
was applied by the fingers, the grease was noticeable, although 
even under this condition the brick particles did not adhere 
to each other. The coated brick was packed in stainless steel 
tubing, l/4-inch O.D. and 44 ft long. To make handling of 
the column more convenient it was coiled. 
Difficulty was experienced when dissolving the silicone 
grease in carbon tetrachloride. Methylene chloride, although 
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not used in this study, proved to be a much better solvent for 
the silicone grease. The original intention of this work was 
to use a 75-foot column for gas analysis. Tests showed that 
the desired carrier gas flow rate of 100 ml/minute could not 
be maintained unless high gas pressures were used in the sys­
tem, This gave rise to sample injection problems and for this 
reason the length of the column was reduced to 44 ft. The 
separation peaks were not quite so pronounced but they were 
satisfactory. 
d. Procedure Calibration curves were plotted for 
methane, air and carbon dioxide. Analytical grade methane and 
carbon dioxide, and atmo^heric air were used in the calibra­
tion procedure. Samples of these gases were injected into 
the chromatography apparatus with a Hamilton Model 1001 "Micro­
liter" hypodermic syringe. Plots were made of sample size ver­
sus peak heights obtained on the recorder. Samples of nitrogen 
and oxygen were placed in the column for analysis and their 
elution times were found to be almost identical. The air 
samples which had been analyzed previously showed a single 
peak, the. elution time of which was the same as that for nitro­
gen and oxygen. The lack of time difference for the elution 
times of nitrogen and oxygen explains the single peak obtained 
for air. To analyze the digester gas, the hypodermic needle 
was pushed through the serum stopper on a digester. The sy­
ringe was flushed several times with the digester gas and then 
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a 300 microliter sample was extracted. Care was taken in 
transferring the sample to the injection assembly on the chro­
matography apparatus to avoid contamination of the sample with 
air. The sample was injected into the carrier gas stream (Fig­
ure 13). The resulting increase of gas pressure in the system 
caused a blip on the recorder chart. As the component gases of 
the sample mixture passed out of the partition column into the 
thermal conductivity cell, traces were produced on the recorder 
chart. These traces were related to the injection blip and in 
this way the sample components could be identified, A typical 
digester gas analysis is shown in Figure l4. Peak heights 
produced by the sample components were taken from the recorder 
chart and, using the calibration curves, the actual volume of 
each component in the original sample was determined. The 
values were converted to a percentage basis. 
7, Qualitative volatile acid analysis 
The importance of the type of volatile acid present in a 
digester has been discussed in the Literature Review. In this 
study an attempt was made to determine qualitatively and quan­
titatively the volatile acids in the digesting sludge. Chro­
matography columns were made up according to the specifications 
of two authors (82, 132) who had succeeded in determining vola­
tile acids both quantitatively and qualitatively. Although 
these columns were first tested on a GLPC thermal conductivity 
rig and then on a GLPC flame ionization rig, no identification 
Figure 14« Recording of à typical dally gas analysis 
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qualitatively or quantitatively, could be obtained because of 
the masking effects of water. According to a private comuni-
cation the results obtained from GLPC experiments reported in 
the literature can not always be reproduced due to the 
omission in the written report of some factor or factors which 
affect the experiments. For this reason, ascending technique 
paper chromatography was used to examine the volatile acids 
in the digesting sludge. Only qualitative determinations 
were made because of the difficulty in obtaining accurate 
quantitative results with paper chromatography. 
The method used was developed by Buswell.et al. (19) 
following experiments by Hiscox and Berridge (83). A butanol-
ethylamine eluent was prepared by shaking one part by volume 
of 2.0 N ethylamine solution with four parts by volume of 
n-butanol and allowing it to stand until it separated into two 
layers. The upper layer was used as the carrier phase. This 
author obtained better results using a 1,5 N ethylamine solu­
tion. Test solutions of sodium formate, acetic acid, propi­
onic acid, butyric acid, iso-butyric acid and valeric acid 
were made up at concentrations of 2000 mg/l, Whatman No. 1 
chromatographic filter paper in strips approximately i8 inches 
long and 1-1/2 inches wide were spotted with 20 microliters of 
the test solutions and allowed to dry. When dry, they were 
placed in glass cylinders containing the butanol-ethylamine 
eluent and were sealed at one end and stoppered at the other 
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as shown In Figure 15. The strips were hung from hooks fixed 
in the rubber stoppers such that approximately one inch of the 
strip was submerged in the eluent. The spots had been posi­
tioned on the papers so that they were approximately one inch 
above the eluent surface. After four hours the strips were 
removed, dried, and sprayed with a 0.4 percent solution of brom 
cresol green Indicator in 95 percent alcohol. The spots on the 
paper and the height of the carrier liquid were marked. The 
Rf values of the acids were determined by measuring the dis­
tances the centers of gravity of the spots had moved compared 
to the distance the eluent front had moved. The Rf values of 
the acids are given in Table g. Unknown samples from the 
supernatant of centrifuged digesting sludge were treated in a 
similar manner and the acids present were identified by their 
Rf values. Care was taken in all of this work to avoid touch­
ing the chromatography paper with the hands. There are vola­
tile acids present on the skin and these will produce spots on 
the paper. Forceps were used to handle the paper at all 
times. 
8. Dewatering test 
The ability of a sludge to be dewatered Is an important 
consideration in the digestion of sewage sludge. Frequently, 
the only method for dispersing of digested sludge available 
is to dry the sludge and either sell or give away the dried 
product, burn the sludge or bury the sludge. All of these 
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processes are benefited by having the final sludge as dry as 
possible, 
A test which has been used frequently to test the de-
waterlng characteristics of sludges treated with chemicals Is 
the fllterablllty test. Originally a sample of sludge was 
placed in a Buchner funnel and a vacuum was applied, ITie time 
required for a crack to develop in the filter cake in the , 
funnel was noted and taken as a measure of the dewaterlng 
ability of the sludge, Coackley and Jones (33) introduced a 
concept of specific resistance which did not depend upon the 
initial solids content of the sludge, the volume of sludge 
being filtered, the area of the filtering surface or the 
pressure at w&lch the filtration was carried out. They devel­
oped further work by Ruth (l46) and Carmen (28, 29, 30) and 
found that the concept of specific resistance was a useful 
measure of the dewaterlng ability of sludge. The equation 
given by Coackley e_t £l, for specific resistance is shown, 
r - 2PA^. b 
//a 
Where r is specific resistance in cm per gram 
P is the pressure of filtration in gram per sq pm 
A is the filter area in sq cm 
/X is the filtrate viscosity in poise 
C is the solids content of the sludge in grams of solid 
per ml of filtrate 
Figure 15, 
(left) 
Apparatus for determining individual volatile acids. 
J. Tubes containing chromatography paper and eluent. 
K. Micro-pipette, 
L. Forceps for handling chromatography paper. 
Figure 16, 
(right) 
Sludge dewatering apparatus. 
I. Buchner funnel. 
J. Vacuum cylinder containing burette, 
K. Manometer. 
L, Tubing leading to a source of vacuum. 
M. Drain for burette, 
0. Electric timer. 
P. Whatman No. 1 filter paper. 
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b is the slope of the line obtained if the time divided 
by the filtrate volume at that time is plotted against 
the filtrate volume itself. 
The units are sec per ml^. 
Rich (131) presented the same equation in terms of the English 
system of units. 
The specific resistance test was made using a system in 
which a known vacuum could be applied to a Buchner funnel con­
taining Whatman No. 1 filter paper and a sludge sample. The 
filtrate volume was measured and recorded with respect to 
time. Figure 16 shows the apparatus used. 
The complete procedure for the test is outlined below: 
1. A disc of Whatman No. 1 filter paper was placed in 
the funnelland wetted down with distilled water, 
2. The funnel was placed on the apparatus and the ex­
cess water was drawn out of the filter paper by 
applying a small vacuum for a short time. 
3. The pressure at all parts in the system was made at­
mospheric and 100 ml of sludge were added to the 
Buchner funnel. 
4. The temperature of the sludge was recorded, 
5. A valve, not shown in Figure I6, which was used to 
control the vacuum to the apparatus was closed, A 
vacuum was applied such that.a vacuum of 52 centi­
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meters of mercury was built up over a period of 
approximately four minutes and 15 seconds. Different 
results were obtained if the time of building up the 
vacuum was changed, 
6, When the vacuum reached 52 centimeters of mercury, 
a stopwatch was started and the volume of filtrate 
in the burette was noted, 
7, Readings of filtrate volume were made every minute 
for 15 minutes. 
8, A graph of time divided by filtrate volume versus 
filtrate volume was plotted. The slope of the 
resulting line on this graph was determined. 
9, The specific resistance of the sludge sample was 
determined by substituting the slope of the graph in 
the equation and determining the other values by 
measurement or with the use of tables. 
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V. ANALYSIS AND DISCUSSION OP TEST RESULTS 
Data were collected in this study to determine the effect 
of the concentration of solids in a digester on the anaer­
obic digestion process. As previously mentioned, the most 
reliable indication of the state digestion was believed to 
be the gas production, expressed in terras of cu ft of gas pro­
duced per lb volatile solids added to the digester per day. 
The gas production based on the volatile solids added and 
destroyed each day were calculated and plotted. Figure 17 
is a typical plot of gas production in digester 2 based on the 
volatile solids added. The loading rate to the digester each 
day is also shown in Figure 17. The variations in volatile 
acids and volatile solids reduction during a run were also 
plotted (Figure l8). Complete data for Run 2 and Run 3 are 
included in the Appendix, 
All conclusions are based on data included in the tables 
in the Appendix, In most cases, the data were extracted when 
stable conditions, as evidenced by a period of uniform, gas 
production, existed in the digesters. The data for each day 
within a particular period were averaged over the length of 
the period. Typical graphs such as are shown in Figure 17 and 
l8 were used to choose the periods when stable conditions 
existed. The gas production based on the volatile solids 
destroyed in the digesters was calculated for each day of 
operation during Run 3* However, because of the small change in 
Figure 17. Gas production and loading rate for digester 2, Run 3 
Figure 18, Volatile solids reduction and volatile acids concentrations in 
digester 2, Run 3 ' 
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weight of the digesters due to volatile solids reduction and 
the relatively Inaccurate method of weighing the digesters, the 
calculated gas productions based on volatile solids destruction 
were not accurate. For example, suppose 500 gra of sludge con­
taining 8 percent total solids and 75 percent volatile solids 
were added to a digester and suppose the volatile solids re­
duction (see section V, B) was 80 percent. 
Weight of volatile solids added to the digester 
= (500) (0.08) (0.75) 
— 30 grams. 
If 80 percent of the volatile solids are destroyed the change 
In weight of the digester will be 24 grams. The digesters. 
Including the digesting sludge, weighed approximately 23,000 
grams and during operation they were weighed to 50 grams. 
For this reason, gas production data based on volatile solids 
destruction are not presented In this dissertation. 
A summary of the data averaged over periods of reasonable 
uniform digestion periods (from Tables 18, 20, 22, 24, 26, and 
28) Is presented In Table 5. The usable data from Run 2, 
because of unstable conditions Inside the digesters, were not 
extensive and are not presented In Table 5* The author be­
lieves this was due to an Initial overloading of the digesters 
such that a high volatile acids concentration accumulated. 
The organisms In some of the digesters were Inhibited. For 
this reason the following discussion will apply to results 
from Run 3 unless otherwise stated. 
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Where loading rate studies have been reported in the 
literature, it is usual to find the total solids concentration 
in the feed to a digester given as the parameter describing 
solids concentration. In this study, the total solids con­
centration of the digesting sludge was thought to be a more 
informative parameter. To correlate the data presented in 
this dissertation with that of other experimenters, a graph 
was drawn to relate the concentration of total solids in the 
feed sludge to the concentration of total solids in the di­
gesting sludge (Figure 19), The data were obtained from 
Tables 14 and 18. It was noticed that groups of points were 
obtained on the graph at particular raw sludge and digesting 
sludge solids concentrations. The groups of points were re­
placed by representative points. This accounts for the 
relatively few plotted points in Figure 19 as opposed to the 
more numerous data in Tables l4 and 18, A straight line 
relationship was obtained. If Tp is the feed solids con­
centration and Tjj is the digesting sludge solids concentra­
tion; the relationship between them was found to be: 
= 1.23 
Figure 20 was plotted to show the relationship between 
total solids times volatile solids in the raw and digesting 
sludges in Run 3, The figure is used later in the discussion 
of the results in the section concerned with loading rates. 
Table 5, Summary of results. Run 3 
Days Loading Detention Time Solids^ Volatile Solids 
-
Digester Averaged Rate* (days) Reduction Gas Production^ 
Total Volatile (percent) 
1 22-28 3.4 34.6 2.00 43.4 76.7 11.7 . 
29-49 6.1 17.7 1.90 47.5 62.1 8.9 
50-59 9.4 11.4 1.80 52.4 61.2 8.3 
2 20-28 6.8 34.4 3.60 52.0 67.2 11.6 
30-37 11.3 20.5 3.45 52.8 66.2 10.8 
44-49 13.7 15.9 3.55 55. 1 53,8 9.1 
50-59 19.0 11.4 3.55 56.5 50.9 8.3 
60-66 24.5 8.9 3.55 57.5 50.4 7.9 
3 25-29 10.6 34.2 6.15 47.4 71.1 11.3 
30-38 17.7 20.2 5.70 48.3 70.2 9.1 
44-49 19.5 15,9 6.00 50.2 56.0 8.3 
51-59 28.1 11.4 5.85 51.4 60.5 7.7 
60-66 36.6 8.8 5.50 52.7 59.8 7.1 
4 22-28 12.4 34.2 7.50 46,6 62.0 10.5 
31-38 21.1 19.1 7.30 45,4 71.6 8.3 
^Loading rate (lb volatile solids added per cu ft per day x 10"^). 
^Digesting solids concentration (percent), total and volatile. 
"^Gas production in cu ft per lb volatile solids added. 
Table 5. (Continued) 
Days Loading Detention Time Solids^ Volatile Solids 
Digester Averaged Rate& (days) Reduct ion Gas Production^ 
Total Volatile (percent) 
4 44-50 24.3 . 15.9 7.69 49.6 52.8 7.8 
51-66 37.4 11.4 7.22 51.2 59.6 7.2 
5 16-20 9.0 54.1 8.50 44.6 70.5 10.5 
20-24 10.1 54.5 8 . 50 45.6 68.0 11.4 
25-28 13.2 41.6 8.50 45.1 68.5 10.8 
32-38 20.9 22.0 9.25 44.8 69.2 8.2 
44-49 30.8 15.9 9.65 46.6 48.3 6.8 
51-62 49.2 11.3 9.85 • 49.4 56.6 5.8 
6 16-19 10.8 51.1 11.10 48.8 63.3 7.8 
21-24 11.9 51.3 11.10 48.6 61.6 8.0 
26-29 15.4 39.7 10.90 48.6 61.5 7.8 
33-39 24.2 23.7 10.95 48.6 61.7 6.8 
44-49 34.9 15.9 9.65 49.4 36.0 5.7 
51-66 55.8 11.3 9.85 52.6 50.9 5.0 
Figure 19. Relationship between solids in raw and digesting 
sludges. Run 3 
Figure 20. Relationship between total solids times volatile 
solids in raw and digesting sludges. Run 3 
TOTAL SOLIDS X VOLATILE 
SOLIDS OF RAW SLUDGE (PER CENT) 
CONCENTRATION OF SOLIDS IN 
RAW SLUDGE (PER CENT) 
ss §i 
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A. Gas Production 
Theory indicates that an optimum solids concentration 
should exist in digesting sludge where gas productions per lb 
of volatile solids added to a digester are a maximum. For 
example, at zero percent solids concentration, there can be no 
gas production. If the solids concentration is low, the solids 
are widely dispersed and not readily available as food for the 
microorganisms in digestion. The resulting gas production will 
be low. Increasing the solids concentration will increase the 
availability of the solids to the microorganisms causing an 
increase in gas production. Eventually, some limiting factor 
such as inefficient mixing or insufficient dilution of meta­
bolic end products will reduce the efficiency of the gas pro­
ducing microorganisms. The rate of gas production will then 
decrease. If the solids concentration continues to increase 
the rate of gas production will be further decreased. Hence at 
some solids concentration a maximum rate of gas production 
should exist. In this section data have been analyzed to 
determine the relationship between gas production and solids 
concentration. 
Gas productions based on volatile solids added to a 
digester were plotted against detention time for each digester 
using data from Table 5» The trends indicated by the data are 
shown in Figure 21. The graph indicates that the gas pro­
duction increased as the detention time increased. The lines 
are approximately parallel, indicating that the increase in gas 
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production produced by an increase in detention time is almost 
independent of the solids concentration of the digesting sludge. 
For example, the increase in gas production from the sludge in 
digester 5 when the detention time is increased from 10 days 
to 20 days is 1,5 cu ft/per lb of volatile solids added per 
day. The increase in gas production from the sludge in digester 
3 for the same increase in detention time is 1,6 cu ft per lb 
of volatile solids added per day. The average solids concentra­
tion of the sludges in digesters 5 and 3 was 9.0 percent and 
5.8 percent respectively (obtained by averaging the solids 
concentrations listed in Table 18). 
The variations in the solids concentration in the digesting 
sludges with change in detention time were plotted in Figure 22, 
The data in Tables l8 and 24 were used to plot this graph. For 
example. Table 24 Indicates that the sludge detention in digester 
3 was 19.7 days on the 34th day of Run 3. Table 18 Indicates 
that on the 34th day of Run 3 the solids concentration in 
digester 3 was 5.6 percent. The solids concentration (5.6 
percent) was plotted against the corresponding detention time 
(19.7 days) In Figure 22 for digester 3. Figure 22 indicates 
that, with the exception of digester 5, the solids concentra­
tions in the digesters were maintained relatively constant. 
Figure 23 was constructed using data interpolated from 
Figures 21 and 22 and not data from Table 5 directly. The gas 
production in a particular digester for a specified detention 
time was taken from Figure 21 and plotted in Figure 23 against 
Figure 21. Gas production for digesters 1 through 6j Run 3 
Figure 22, Solids concentration In digester for digesters 
1 through 6, Run 3 
DIGESTER SOLIDS CONCENTRATION 
(PER CENT) 
.Q TO 
GAS PRODUCTION (CU FT / LB 
VOLATILE SOLIDS ADDED/DAY) 
2 O 
Figure 23. Gas production versus digester solids concentration 
at various detention times. Run 3 
2 Detention time 
Symbol (days) Reference 
• • Run 3 
0 0 8 Sawyer and Schmidt (152) 
A — 1 1 '  ( 1 5 2 )  
o o l4 (152) 
1 l4 Torpey (I68, 169) 
2 10 (168,' 169) 
3 8.3 (168, 169) 
4 6.4 (168, 169) 
5 3.2 (168, 169) 
6 7 Morgan (II6) 
7 10 (116) 
8 10 (116) 
9 6 Sawyer and Roy (I51) 
10 8 (151) 
11 10 (151) 
12 15 (151) 
13 20 (151) 
^Each number is centered over the position of the actual 
data point. -
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ooay 
0 day 
10 DAY 
DIGESTER SOLIDS CONCENTRATION 
(PER CENT) 
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the solids concentration in that digester for that detention 
time (Figure 22), Figure 23 shows the gas production versus 
the solids concentration in the digesters at detention times of 
10, 20, 30 and 40 days. Maximum gas production was observed 
to occur with a digester solids concentration between 3 and 5 
percent for detention times of 10, 20, 30 and 40 days. When 
the digester solids concentration was greater than about 5 
percent, the gas production tended to decrease as the solids 
concentration increased. The relationship between decrease in 
gas production and increase in solids concentration In this 
portion of the graph was more of a straight line relationship 
than in the portion where the solids concentration was less 
than 5 percent. The decrease in gas production as the digester 
solids concentration Increased from 6 to 10 percent was: 
Decrease in gas production 
Cu ft per lb Percent of 
Detention volatile solids maximum gas 
time (days) added production (Table 6) 
10 2.2 . 22.2 
20 2.3 23.7 
30 2.6 23.5 
40 2.7 21.1 
The decrease in gas production for a change in the digester 
solids concentration from 6 to 10 percent was larger as the 
l4o 
detention time of the sludge In the digester Increased, 
Three Interrelated physical parameters control sludge 
digestion: loading rate, detention time, and solids concentra­
tion In the raw sludge,^ This Is discussed more extensively 
In section F dealing with loading rates. Any two of these 
parameters automatically determines the third parameter. For 
example. If the solids concentration ,1s specified, as In this 
study, and the detention time Is varied, then the loading rate 
varies Inversely as the detention time. Alternatively, If the 
detention time is constant and the solids concentration varies, 
the loading rate varies directly as the solids concentration. 
The results discussed above Indicate that as the solids 
concentration Is Increased beyond the optimum, there Is a 
decrease In gas production for a particular detention time. 
Loading rate may be substituted for solids concentration and 
the previous sentence would read: the results discussed above 
indicate that as the loading rate is increased above that 
associated with the optimum solids concentration, there Is a 
decrease in gas production for a particular detention time. 
Whenever digestion results are being discussed and one of the 
parameters of loading rate, detention time or solids concentra­
tion is constant, the remaining two parameters are either 
directly or inversely proportional (see Equation 1 in Section P), 
^There are actually four parameters Involved, the fourth 
one being volatile solids concentration in the raw sludge. 
For the purposes of this discussion, the volatile solids con­
centration is assumed to be constant. 
l4l 
The conclusions drawn from the results of this study are: 
1, Detention time has a definite effect on gas 
production. As the detention time increased, or 
the loading rate decreased, the gas production per 
lb of volatile solids added increased. 
2, There is an optimum solids concentration in 
digesting sludge at which maximum gas production 
might be expected. In this study, the optimum 
solids concentration appeared to be between 3 
and 5 percent. 
3, As the digester solids concentration increases 
beyond the optimum concentration, the gas 
production decreases approximately linearly as 
the solids concentration increases. The longer 
the detention time, the greater is the decrease 
in gas production for the same increase in 
solids concentration. 
The maximum gas productions for various detention times obtained 
in this and other studies are listed in Table 6. 
Levels of gas production per lb of volatile solids added 
are about the same as those reported in the literature. For 
example, the gas production at detention times of 10 and 20 
days may be compared as follows (Table 6); 
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Table 6, Maximum gas production. Run 3 
Detention time 
(days) 
Total 
solids 
(percent) 
Gas^ 
production Reference 
10 3.1 8.1 Run 3 
20 3.2 9.7 
30 3.7 11.3 
4o 3.75 12.8 
6 3.15 8.9 Sawyer and Roy (151) 
8 3.05 9.15 
10 2.99 9.22 
15 2.92 9.56 
20 2.77 9.72 
7 8.6 6.6 Morgan (ll6) 
10 7.2 7.5 
10 6.7 8.15 
14 3.3 9.9 Torpey (l69) 
10.3 3.0 8.3 
8.3 3.0 8.0 
6.4 3.0 8.2 
3.2 4.1 6.8 
®Cu ft per lb volatile solids added. 
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Detention time 
(days) 
Gas production 
cu ft per lb 
volatile solids 
added Reference 
10 8.10 Run 3 
10 9.22 (152) 
10 7.5 (116) 
10 8.15 (116) 
10.3 8.3 (161) (169) 
20 9.65 Run'3 
20 9.72 (142) (152) 
- - -
A wider difference in results of different studies might have 
been expected because of differences in the percentage of 
solids in the digester, in the composition of the sludge feed, 
different feeding procedures, and differences in the degree 
of mixing provided. The digesters used by Sawyer and Roy (151) 
and Morgan (ll6) were fed twice daily and the digester used by 
Torpey (169) was fed every tvro hours. In this study, the 
digesters were fed only once a day. Based on feeding schedule, 
the results in this study should perhaps have produced less 
gas. However, the degree of mixing was undoubtedly better 
than in the operation of any of the other digesters. 
Data from other sources, including the data in Table 6, 
were also plotted in Figure 23. Each number represents a data 
point. The data of Sawyer and Schmidt had been interpreted by 
others as showing an Increase in gas production as the solids 
concentration increased". This disagrees with the results 
144 
obtained in this study. However, their data only covered a 
solids concentration up to 5*2 percent. The results of this 
study show that their work was undoubtedly in the region of an 
optimum solids concentration. The scatter in the data reported 
by Sawyer and Schmidt tends to invalidate any conclusions con­
cerning a trend to an optimum but they could be interpreted 
to confirm the trends observed in this study. 
Torpey's data (points 1, 2, 3, 4 and 5 in Figure 23) 
appear to confirm the data showing a decrease in gas production 
as the detention time decreases. Two of his data, points 3 
and 4, appear to contradict this statement. Point 2 agrees with 
data obtained in this study. Point 5 cannot be correlated 
because no data were obtained in this study with such low 
detention times. The data of Morgan, points 6, 7 and 8, agree 
with the results obtained in this study and confirm that there 
is a drop in gas production with solids concentration. Sawyer 
and Roy (points 9, 10, 11, 12 and 13) observed an Increase in 
gas production with detention time, although most of their 
values were higher than those obtained in this study. Point 
13 agrees well with the data obtained here. In the summary, 
the results reported by other workers are not consistent. 
However, their research may be interpreted as confirming the 
conclusions reached in this study that; 
1. An optimum solids concentration exists in 
digesting sludge at which maximum gas pro­
duction might be expected. 
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2. As detention time Is Increased, or loading rate Is 
decreased, the gas production per lb of volatile 
solids added Increases. 
B. Volatile Solids Reductions 
In this study, gas production was considered to be the 
most important parameter In evaluating the effect of solids 
concentration on digestion. Digestion was considered to be in 
equilibrium if uniform gas productions over a period of approxi­
mately 8 to 10 days were obtained. The volatile solids re­
ductions in the digesting sludge were expected to confirm the 
conclusions reached from the analysis of the gas production data. 
However, after completion of the experimental work when the 
data were being analysed, it was realized that in addition to 
using uniform gas production as a criterion of stable digestion 
the equilibrium of the volatile solids concentration in the 
digesting sludge also should have been considered. A much 
greater length of time is required to achieve equilibrium 
volatile solids concentrations in a digester than is required 
to obtain uniform gas production. For example, the time required 
to obtain uniform gas production after a change of detention 
time in a digester was approximately 8 to 10 days.. The time 
required to obtain equilibrium volatile solids concentrations 
in a digester after a change of detention time is directly 
related to the time required to replace the digesting sludge 
present at the time of the change with digesting sludge.at the 
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new equilibrium volatile solids concentration. This time can 
be calculated (see Recommendations) for a particular detention 
time and a particular frequency of feeding the digester. For 
a digester fed once a day to prove a theoretical 20 day deten­
tion time, 59 days are required to replace 95 percent of the 
sludge. The approximate minimum length of time it would have 
taken to complete Run 3 if detention times had been held 
constant until equilibrium volatile solids concentrations (95 
percent replacement) in the digesting sludge had been reached 
is 282 days. If 10 days are required at each equilibrium con­
centration (in Run 3, six detention times were studied) to 
collect data for analysis and 20 days were required to start 
the digesters initially, the total run time would have been 
362 days. The time can be decreased if a lower degree of 
replacement will provide sufficient precision in the data. In 
making a run lasting 362 days problems of human and machine 
endurance must be considered. An experiment under conditions 
of equilibrium volatile solids concentrations in the Recom­
mendations is proposed. Data from the proposed study should 
confirm the conclusions reached from the analysis of the gas 
production data in this study. 
The inadequacy of the volatile solids reduction data to 
confirm completely the conclusions based on the gas production 
data is realized. However, the volatile solids reduction data 
were analyzed taking into consideration the non-equilibrium 
conditions under which they were collected. 
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The percent reduction in volatile solids was calculated for 
each day on which volatile solids were determined either in the 
raw or digested sludge, .The volatile solids content of the 
raw sludge fed to each digester on any day was obtained from 
Table l6. The volatile solids content of the digested sludge 
on any day was interpolated from Table 20, The formula which 
was used to calculate volume solids reductions was developed 
as follows. 
Let; VSj^ = percent volatile solids in raw sludge 
VSp = percent volatile solids in digested sludge 
78- , z= percent of volatile solids destroyed 
° during digestion 
T = total weight of digested sludge solids 
P = constant weight of raw sludge solids added 
to a completely mixed digester each day 
Volatile solids in raw sludge = P(VSp/lOO) 
Fixed solids in raw sludge = P - P(VSp/100) 
- P(1 - vsyioo) 
During the course of digestion, the quantity of fixed (non­
volatile) solids in the digesting sludge will not change. 
Hence, the weight of fixed solids withdrawn in the digested 
sludge each day must be equal to the weight of fixed solids 
added in the raw sludge each day. If the weight of sludge in 
the digester is held constant the weight of digesting sludge 
withdrawn will be less than the weight of raw sludge added 
because of the loss of volatile solids during digestion. 
Let T be the weight of digested sludge solids withdrawn 
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from the digester. 
Then, volatile solids in digested sludge = T'VS^y/lOO 
and, fixed solids in digested sludge — T - T^VS^y^lOO 
: = T ( 1  -  V 8 p / Ï 0 0 ) .  
However, fixed solids in raw sludge = fixed solids in digested 
sludge so 
P(1  -  ySj^ /100 )  =  T(1  -  VSj /100 )  
P(1 - VSr/100) 
(1 - VSj/100) 
The weight of volatile solids in the digested sludge is 
the total weight of digested sludge solids (T) minus the 
weight of fixed solids. Or 
Volatile solids in digested sludge = T - P(1 - VS^/lOO) 
P(l-VSj^/100) 
(i-vsj/roo) " 
p(i-vsyioo) 
P(l-VSf^/lOO) 
(i-vSp/100) 
- P(l-VSj/lOO) 
1  - 1  
1 -vsyioo 
. VSjy/lOO 
The percent of volatile solids reduction due to digestion is 
the loss in weight of volatile solids during digestion divided 
by the original weight of volatile solids added. Therefore, 
Volatile solids reduction = 
(percent) 
P'VSj^/100 - . VSj/100 
(i - vsj/iooy 
P«VSj,/lOO 
100 
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VSjj(l - VSj/100) - VSjj(l - VSr/100) ^ 
VSj^(l - VSjy/lOOj 
" •  -  " »  , . . .  
VSj^(l-VSj/lOO) 
It should again be emphasized that this formula is only valid 
when a digester is operating at equilibrium conditions with 
regard to volatile solids reduction. For example, suppose the 
volatile solids concentration in the digesting sludge in a 
digester fed once a day, as in this study, remains constant at 
40 percent and that the volatile solids concentration in the 
feed sludge is 80 percent. This means that the calculated 
volatile solids reduction is 83.4 percent. Under these condi­
tions, the formula is valid. Now let the loading rate to the 
digester be increased such that the organisms functioning in 
the digesting sludge are comparatively overloaded with food. 
If the organisms effect a volatile solids reduction of 50 per­
cent at the new loading rate, the calculated volatile solids 
concentration remaining in the digested sludge will be 66,7 
percent. This will mix with the previously digested sludge 
(40 percent volatile solids concentration) and the level of 
volatile solids in the digesting mixture will increase, to a 
level greater than 40 percent. Unless digestion is completely 
inhibited and no volatile solids reduction takes place, the 
volatile solids concentration in the digested sludge will 
increase at a rate which is proportional to the quantity of 
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sludge fed each day until the volatile solids concentration in 
the digested sludge is approximately 66.7 percent. 
During the period when the volatile solids concentration 
in the digested sludge is changing, the formula for volatile 
solids reduction is not valid. For example, consider the , 
above digester in which the volatile solids concentration in 
the digested sludge has increased to 45 percent but is not yet 
at equilibrium. According to the formula: 
80-45 
"^^REDUCTION 
100 35 
L44  J  
100 
=79.6 percent 
L 80(1-0.45) J 
Thus, the calculated, volatile solids reduction exceeds the 
actual reduction (79.6 percent as compared to 50 percent 
respectively). 
If a digester is started with a digested sewage sludge 
which has a lower volatile solids concentration than the 
equilibrium volatile solids concentration, the volatile solids 
reductions calculated from the above formula will be greater 
than the actual volatile solids reductions. For example, 
suppose a digester is started with digested sewage sludge 
having a volatile solids concentration of 30 percent. Assume 
a volatile solids concentration in the raw sludge of 80 per­
cent and a volatile solids reduction of 83.4 percent. At this 
level of digestion, the volatile solids concentration in the 
digesting sludge will increase until it is approximately 4o 
percent. Some intermediate time when the volatile solids 
concentration in the digesting sludge is 35 percent the 
151 
calculated volatile solids reduction would be: 
VS 
reduction 
80-35 
_80(1-.35)J 
100 = '45 
52 
100 = 86.6 percent. 
The volatile solids reduction calculated from the formula 
exceeds the actual reduction (86.6 percent as compared to 
83.4 percent) demonstrating again that the formula is invalid 
if the volatile solids concentration of the digesting sludge 
is not at equilibrium. 
If a digester is started at a volatile solids concentration 
above the equilibrium level or alternatively, if the loading 
rate to a digester is decreased such that the organisms in 
the digesting sludge are able to destroy a greater percentage 
of the volatile solids in the digesting sludge, then the . 
volatile solids reductions calculated from the above formula 
will be less than the actual reductions. For example, suppose 
the initial volatile solids concentration in the digesting 
sludge is 50 percent, the volatile solids concentration in the 
feed sludge is 80 percent and the actual .volatile solids 
reduction during digestion is 83.4 percent. Eventually, the 
volatile solids concentration in the digesting sludge will 
approach 40 percent. When the volatile solids concentration 
in the digesting sludge is 45 percent, the calculated volatile 
solids reduction is; 
VS 
reduction = 
80-45 100- 35 . 
_44_ 
100 _ 79»6 percent 
80(1-.45) 
The calculated volatile solids reduction (79.6 percent) is 
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lower than the actual volatile solids reduction of 83.4 per­
cent. 
In summary, if the above formula is used for calculating 
volatile solids reductions when unstable conditions exist in a 
digester with regard to volatile solids concentration in the 
digesting sludge, the following conclusions may be stated: 
1. The calculated volatile solids reduction will be 
greater than the actual volatile solids reduction 
if the volatile solids concentration in the digesting 
sludge is increasing. 
2. The calculated volatile solids reduction will be 
less than the actual volatile solids reduction if 
the volatile solids concentration in the digesting 
sludge is decreasing. 
Volatile solids reductions calculated when the digesters 
were not in equilibrium were plotted in Figure 24 against the 
corresponding detention time in each digester using average • 
data from Table 5. Considering all of the plotted data, no 
definite trends could be observed. The plotted data showed 
definite inconsistencies in the region of the l6 day detention 
^The digesters were not in equilibrium with regard to 
maintenance of a constant volatile solids concentration in the 
digesting sludge. For this reason, no attempt has been made in 
the following discussion to present specific values of volatile 
solids reduction as conclusions to this portion of the study. 
Specific values of volatile solids reduction are quoted only 
to illustrate certain trends. 
153 
time for digesters 2, 3, 4, 5 and 6. Volatile solids reduc­
tions in digester 1 do not show a similar inconsistency. The 
data obtained during Run 3 when a l6 day detention time existed 
in digester 1 was not included in the compilation of Table 5 
since the gas production did not appear stable. The incon­
sistency in the gas production and in the volatile reductions 
shown in Figure 24 at the l6-day detention period appear to 
be due to a change in the characteristics of sludge fed to the 
digesters over a certain time period. Referring to Tables 24 
and 26 it vjas observed that a 16-20 day detention time occurred 
in all digesters around the 38th to the 43rd day of operation 
in Run 3 (Table 24), and. during this period the volatile solids 
reductions in all digesters were abnormally low (Table 26), 
Earlier in this dissertation (see experimental procedure) a 
raw sludge collection problem was discussed. The sludge from 
the Nevada, Iowa, sewage treatment plant was found at times to 
be partially digested. This occurred between the 38th and 43rd 
days as shown by the low volatile solids contents listed for 
the raw sludge during this time period (Table 16), Since this 
sludge was partially digested before it was used as feed sludge 
to the digesters, low volatile solids reductions could be 
expected in the digesters because the more easily digestible 
organic materials have been digested previously. In view of 
this, data during this period were ignored and new trends of 
volatile solids reduction versus detention time were plotted 
in Figure 25. It was observed that in general, as the 
Figure 24, Effect of detention time on volatile solids 
reduction for digesters 1 through 6, Run 3 
Figure 25. Modified trends of the effect of detention time 
on volatile solids reduction for digesters 1 
through 6, Run 3 
VOLATILE SOLIDS 
REDUCTION (PERCENT) 
VOLATILE SOLIDS 
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K 
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detention time increased, the volatile solids reduction also 
increased. 
Inspection of the data showing the volatile solids con­
centrations in the digesters (Table 20) indicates that the 
volatile solids in digesters 1 through 6 generally decreased 
during the first 8 days of the run. As the run continued 
beyond 8 days, an increasing trend of volatile solids concen­
tration can be observed. Referring to Table 24 showing the 
detention times in the digesters during Run 3# thé detention 
time in all digesters up to about 11 days is over 77 days. 
Detention times of this length were not considered in plotting 
Figures 24 and 25, Thus, the only values of volatile solids 
reduction (Table 5) which were used to obtain the trends in 
Figure 25 were calculated from those volatile solids concen­
trations in the digesters which were generally increasing. 
According to the previous discussion regarding the error in 
calculated volatile solids reductions, this means that the 
values of volatile solids reduction recorded in Table 26 all 
exceed actual reductions. 
Consider a digester in which the volatile solids concen­
tration of the digesting sludge is increasing due to an 
increase in loading rate. Suppose the equilibrium volatile 
solids concentration were 40 percent before a loading raté 
Increase and 60 percent with the new loading rate; i.e., if 
the volatile solids concentration of the feed sludge is 80 
percent and the actual volatile solids reduction in the feed 
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sludge falls from 83.4 to 62,5 percent. The calculated vola­
tile solids reductions obtained when various levels of volatile 
solids exist in the digesting sludge would be: 
Volatile solids concentration Calculated volatile 
in digesting sludge solids reduction 
(percent) (percent) 
40 83,4 
45 79.5 
50 75.0 
55 69.4 
60 (Equilibrium level) 62,5 (Actual) 
The above calculations show that the closer the volatile solids 
concentration in the digesting sludge approaches the equilib­
rium volatile solids concentration, the less in error is the 
calculated volatile solids reduction. Throughout Run 3, the 
detention times of the sludge in the digesters were increased 
at certain times (Table 22), The actual increase was suffi­
cient to cause a change in the rate of volatile solids reduc­
tion such that there would be an Increase in the equilibrium 
level of volatile solids in the digesting sludge. However, 
the digesters were not always operated long enough for the 
equilibrium level to be reached before the detention time was 
again Increased, Changes In detention time or loading rate 
were made when gas production became relatively constant, and 
not when the volatile solids levels in the digesters were at 
equilibrium. During the early phases of the run the volatile 
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solids concentration was at the equilibrium level at some time 
in all the digesters. This is indicated in Table 20. For 
example, the volatile solids concentration in digester 2 
decreased from 53.9 percent on day 2 to 48.3 percent on day 8. 
As the run continued beyond the 8th day, the volatile solids 
content in digester 2 increased indicating that at some time 
between the 2nd and 9th days the volatile solids concentration 
was at the equilibrium level. During the later phases of 
Run 3 the detention time of the sludge in a digester was 
changed approximately every 10 days. The percent "turnover" 
of the digesting sludge in a digester which took place between 
changes in detention time can be calculated. For example, 
the following data for digester 3 were extracted from Table 24. 
Days 
averaged 
Number of 
days 
Average detention 
time (days) 
12-18 7 54:0 " 
19-28 10 33.5 
29-36 8 20.3 
37-49 13 15.9 
50-59 10 11.4 
oO-oo 7 8.8 
67-74 8 7.3 
An equation is presented in the Recommendations which 
states that; 
S = 100 (l-r"ï 
Where S is the percent turnover, of the digester contents in 
the n days of operation between loading rate changes. 
^Number of days the digester was maintained at the 
specified average detention time. 
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D = is the theoretical detention time for the 
n days of operation 
r = D-1 
D 
This equation and the above data were used to calculate S at 
the different detention times. 
Average Detention 
Time (days) r rti l-r* 
S 
(percent) 
54lo 0.981 0.874 0.126 12.6 
33.5 0.970 0.738 0.262 26.2 
20.3 0.951 0.669 0.331 33.1 
15.9 0.937 0.430 0.570 57.0 
11.4 0.912 0.398 0.602 60.2 
8.8 0.887 0.432 0.568 56.8 
7.3 0.863 0.308 0.692 69.2 
The percentage of the sludge remaining In digester 3 at the 
end of n days which was there when the detention time was 
changed Initially was obtained by subtracting S from 100 per­
cent. The percentages of sludge remaining in digester 3 were 
pilotted in Figure 26 against the associated detention times for 
which they were determined. Figure 26 indicates that as the 
average detention time decreased the percentage of the sludge 
which was present at the start of a particular detention time 
and which remained in digester 3 at the end of the period for 
which that detention time was operative decreased. Therefore, 
as the detention times in digester 3 decreased, the volatile 
solids content of the digesting sludge approached the equili­
brium volatile solids concentration for a particular detention 
time. With reference to a previous discussion of the degree of 
Figure 26, Sludge remaining in digester after n days as percent of sludge 
at beginning of n days versus average detention time 
SLUDGE REMAINING IN DIGESTER 3 AFTER 
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error of calculated volatile solids reductions it may be con­
cluded that the error in calculated volatile solids reductions 
in this study decreased as the detention time increased. Thus, 
the use of calculated volatile solids reductions under non-
equilibrium conditions tends to nullify the trends shown in 
Figure 25, 
Gas productions calculated using volatile solids added 
to the digesters will be affected by changing volatile solids 
concentration in the digesting sludge if the volatile solids 
concentration is decreasing. In this case volatile solids 
already in the digester are being digested and converted to 
gas thus increasing calculated gas productions per lb of 
volatile solids added. If the volatile solids concentration 
is increasing, as during the major portion of this study, the 
gas production per lb of volatile solids added is not affected. 
The volatile solids which are not converted to gas accumulate 
in the digester and result in a gradual increase in the 
volatile solids level in the digesting sludge. 
Figure 27 was constructed using data interpolated from 
Figures 22 and 25 and not from average data taken directly from 
Table 5. The volatile solids reductions in the sludge of a 
particular digester at specified detention times of 10, 20, 30 
and 40 days were obtained from the modified trend curves in 
Figure 25, and the values were plotted in Figure 27 against 
the solids concentration at the same detention times (Figure 
22). Figure 27 indicates the qualitative effect of digester 
Figure 27. Effect of digester solids concentration on volatile solids 
reduction at detention times of 10, 20 and 30" days. Run 3 
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solids concentration on volatile solids reduction at sludge 
detention times of 10, 20, 30 and 40 days. Maximum values of 
volatile solids reduction were expected at digester solids 
concentrations of 3 to 5 percent, where the gas productions 
were a maximum. 
The trends of the curves in Figure 27 indicate that 
optimum digesting solids concentrations may exist for maximum 
volatile solids reductions. Maximum volatile solids re­
ductions and the associated optimum solids concentrations and 
detention times are shown below. 
Optimum digester 
solids concentration 
(percent) 
4-6 
6-7 
4-6 
Detention 
time 
(days) 
10 
20 
30 
Maximum volatile 
solids reduction 
(percent) 
62.6 
72.2 
72.9 
These results also illustrate the effect of detention time on 
volatile solids reduction, i.e., the volatile solids reduction 
increases with increase in detention time. According to a 
previous discussion of the parameters controlling digestion 
it may be said that the volatile solids reduction decreases as 
Although specific values of volatile solids reductions 
are presented here they may not be correct. The method of 
calculating the volatile solids reductions was invalid under 
the non equilibrium conditions which existed in Run 3. 
However, the trends shown by this table and Figure 2J may be 
correct (see later in this section). 
166 
the loading rate increases. 
Figure 25 was affected by the changing volatile solids 
concentrations In the digesters as discussed previously. 
Thus, Figure 27 which was plotted from data obtained from 
Figure 25 was also affected by non-equlllbrlum conditions. 
It was shown previously In this section that the trends shown 
for each digester In Figure 25 are exaggerated. The effect 
this would have In Figure 27 would be to decrease the differ­
ence between the trends shown for each detention time. For 
example, the trend shown for the 10 day detention time would 
be at lower volatile solids reductions and the trend shown for 
the 30 day detention time would be at still lower volatile 
solids reductions. The shape of the graphs should not change. 
Theoretically, the maximum volatile solids reduction should 
be observed at the optimum solids concentration for maximum 
gas production. The results of this study do not agree with 
theory. Since the gas production data were not affected by 
non-equilibrium conditions of the volatile solids concen­
tration in the digesting sludge, the optimum solids concen­
tration observed for maximum volatile solids reduction is 
probably in error. The calculated volatile solids reductions 
were affected by changing volatile solids concentrations in 
the digesting sludge probably causing the optimum solids 
concentration for maximum volatile solids reduction to be 
approximately 2 percent higher than was expected. 
Sawyer and Schmidt (152) reported data whlch^agreed in 
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general with trends shown in this study. Their data and. that 
obtained by other experimenters are summarized below. 
Solids 
concentrations 
(percent) 
3.4 
2.2 
3.9 
4.9 
3.7 
8.66 
7.38 
Volatile 
solids 
reduction 
(percent) 
54.8% 
56.0% 
58.3b 
66 
61 
62.1 
48.9 
Detention 
time 
(day) ^ 
8 
11 
14 
32 
22 
7 
10 
Reference 
(152) 
(152) 
(152) 
ine] 
The data of Sawyer and Schmidt (152) showed trends towards 
optimum digester solids concentrations for maximum volatile 
solids reductions. The optimum solids concentrations determined 
in their work (2-4^) were lower than the values obtained in 
this study. However, the maximum solids concentration used by 
Sawyer and Schmidt was in the region of the optimum solids 
concentration for maximum gas production determined in this 
study. In general, the results shown by other workers for 
maximum volatile solids destruction are lower than the values 
shown here, A previous discussion explained that the values of 
volatile solids reduction reported in this dissertation would 
^Apparent optimum for maximum volatile solids reduction, 
^Maximum volatile solids reduction. 
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exceed the actual volatile solids reduction. Sawyer and 
Schmidt's data confirm the trend of Figure 25, i.e., as the 
detention time increases the volatile solids reduction also 
increases. 
Summarizing the foregoing discussion on volatile solids 
reduction in this dissertation, it may be concluded that: 
1, To obtain an accurate measure of the volatile solids 
reductions in a digester the volatile solids in the 
digester must be at an equilibrium level. 
2, If the volatile solids concentration in the 
digesters is increasing, the calculated volatile 
solids reductions will exceed the actual volatile 
solids reductions. 
3, If the volatile solids concentrations in the 
digesters is decreasing the calculated volatile 
solids- reductions will be less than the actual 
volatile solids reductions, 
4, Volatile solids reductions increase as the detention 
time increases from 10 to 30 days, 
5, Optimum solids concentrations should exist between 3 
and 5 percent for maximum volatile solids reductions 
at detention times of 10, 20 and 30 days. Actual 
optimum solids concentrations for maximum volatile 
solids reductions observed in this study were between 
5 and 7 percent. 
Another aspect of volatile solids reduction which must be 
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considered in the digestion of sewage sludge is the disposal 
of the sludge after digestion. In general, the higher the 
volatile solids reduction during digestion the better are the 
dewatering qualities of the digested sludge. Schlenz (153b) 
found that the volatile solids reduction necessary during 
digestion to produce a digested sludge which would show satis­
factory dewatering characteristics could be related to the 
volatile solids content of the.raw sludge (Figure 27a). 
Extreme values of volatile solids concentrations in the raw 
sludge (Table l6) and the associated volatile solids reductions 
(Table 26) obtained in this study, are also plotted in Figure 
28a. According to the line drawn to represent the data 
presented by Schlenz, the digested sludges obtained in this 
study were not considered to be digested in most cases. These 
results were expected considering the short detention times, 
the high volatile solids loading rates and the single stage 
system used in this study. The data which the line represents 
were taken from the operation data of digesters operating at 
a conventional rate. Much of the data came from multi-stage 
digestion systems. The data from other workers are also 
plotted in Figure 28a. Again only extreme values were plotted. 
In general, although most of the reported data were obtained 
with higher volatile solids concentrations in the raw sludge, 
they compare with the data obtained in this study. The effect 
of non-equilibrium conditions in this study was to increase 
the calculated volatile solids reductions. Allowing for 
Figure 28a. Volatile matter In raw sludge versus reduction 
In volatile matter 
Symbol Reference 
0 Run 3 
1 Torpey (168. I69) 
2 Morgan (II6) 
3 Sawyer and Schmidt (152) 
4 Sawyer and Roy (151) 
Figure 28b. Effect of solids concentration on sludge density 
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reductions above the actual volatile solids this error will 
bring the data obtained In this study, at the higher raw sludge 
volatile solids concentrations, closer to the reported data. 
The data obtained In this study at lower raw sludge volatile 
solids concentrations Indicates lower volatile solids reductions 
than the data plotted for Morgan (il6). Morgan (points 2) 
observed acceptable dewaterlng characteristics of the digested 
sludges obtained from his experiments. 
C, Gas Quality 
The quality of the gas produced during digestion in Run 3 
is summarized in Table 30. The average composition of the gas 
produced in each digester throughout the run was obtained by 
taking the average of the data listed in Table 30 for each 
digester. The average gas compositions In digesters 1 through 
6 are reported in Table 7- Average solids concentrations were 
determined from the data in Table 18 in a similar manner and 
they are also Reported in Table J, Table 7 Indicates that the 
highest quality gas, 67.9.percent methane, was obtained from 
digesting sludge having an average solids concentration of 5.8 
percent. The gas quality appeared to be highest in the range 
of solids concentrations of 5.8 to 7.4 percent at which concen­
trations the methane content was 67.9 to 67.7 percent respect­
ively. Outside of this solids concentration range the gas 
quality decreased. Included in Table 7 is the average composi­
tion of the gas produced in the digestion studies conducted by 
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Torpey (168)^ The quality of the gases In this study and In 
Torpey's study compare favorably. The methane contents are 
slightly higher In this study but these may be due to differ­
ent methods of analysis or the assumption made In this study 
that only carbon dioxide and methane were present. 
Table 7» Average composition of gas produced. Run 3 
Digester Average solids Gas composition^ 
or concentration 
Reference (percent) Percent CH4 Percent CO2 
1 1.9 65.4 34.6 
2 3.5 64.8 35.2 
3 5.8 67.9 32.1 
4 7.4 67.7 32.3 
5 9.0 65.3 34.7 
6 10.6 63.3 36.7 
Torpey (I68) 62-64 38-36 
* ^ 
^Prom Table I8. 
^Assuming the only gases present In the digesters are 
methane and carbon dioxide. There will be other gases 
present but the total quantity will be small, l.e*, less 
than 5 percent. 
Data from Tables 22, 24 and 30 were analyzed to determine 
the effect of detention time and volatile solids loading rate 
on gas quality. For example, the values shown below are the 
average values for the days Indicated. No definite trends 
could be observed with regard to the effect of detention time 
on gas quality when the loading rate was approximately 10 x 
—2 10 lb volatile solids added per cu ft per day. An increase 
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in detention time from 33.7 days to 57.1 days in digesters 3 
through 6 caused a decrease in gas quality from 70,2 percent 
methane to 6o,7 percent methane. Similar results were 
obtained at other loading rates, 
n 
Days Loading Detention Gas quality 
Digester Averaged rate time (days) (percent 
1 61,63 9.3 8,8 67.4 
2 30,32,35 11.2 20.7 66,6 
3 19,24,27 10,5 33.7 70,2 
4 19,24,27 12,2 33.9 68.7 
5 13,14,15 
16,19,24 9.2 53.9 65,1 
6 13,14,15 
16,19,24 11,3 57.1 60,7 
The effect of the volatile solids loading rate was 
determined with data of which the following are typical. The 
data were again extracted from Tables 22, 24 and 30 and 
averaged for the days mentioned.. These particular data refer 
to digester 5, No definite trend could be observed to depict 
the effect of loading fate on gas quality. An optimum gas 
quality may exist at about a detention time of 40 days and a 
loading rate of 13,2 x 10"^ lb volatile solids added per cu 
ft per day but the data are not conclusive. Similar results 
1 -2 
Lb volatile solids added per cu ft per day x 10 , 
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were obtained with digesters 1, 2, 3, 4 and 6, 
Days ^Detention 
Averaged time (days) 
Loading 
rate 
1 Gas quality 
percent CH4 
13,14,15 
16,19,24 
27 
30,32,35 
49 
56,61,63 
66,68 13.3 
53.9 
41.5 
26.4 
16.0 
11.3 
9.2 
13.2 
20,8 
30.4 
47.8 
45.3 
65.1 
71.8 
64.6 
66.1 
62.9 
63.1 
The conclusions regarding gas quality reached In this 
study are: 
1. A maximum average gas quality of 67.9 percent 
methane was obtained at an average solids 
concentration of 5.8 percent. 
2. Loading rate and detention time had no 
significant effect on gas quality. 
Conclusion 2 was not an expected result of this study and It 
contradicts the effects of loading rate and detention time on 
gas quality reported In the literature. The literature 
Indicates that gas quality decreases as the detention time 
decreases and the loading rate Increases, The reason for the 
decrease In gas quality Is Indicated by the appearance of 
1 —2 
Lb volatile solids added per cu ft per day x 10 , 
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propionic acid, and possibly longer carbon chain volatile 
acids. In digesting sludge when digestion approaches failure 
due to high loading rates or low detention times. The 
composition of the gas produced from the metabolism of propi­
onic acid has been reported (162) as containing seven moles 
of methane to one mole of carbon dioxide. Longer chain 
volatile acids also produce a gas richer In methane than 
carbon dioxide when they are metabolised. Acetic acid which 
Is the most common volatile acid Intermediate In digestion 
Is biologically decomposed to a gas containing 50 percent 
methane and 30 percent carbon dioxide. Acetic acid can 
normally be Identified In digesting sludge at any stage of 
digestion. It appears that the microorganisms which metabo­
lize propionic acid are affected by adverse environmental 
conditions to a greater extent than the organisms which 
metabolize acetic acid. If this Is the case, as digestion 
approaches failure there will be a greater reduction In the 
rate of decomposition of propionic acid compared to acetic 
acid and the methane content of the digester gas will decrease 
Another possible reason for the Increase In the carbon di­
oxide content and the decrease In the methane content of the 
digester gas Is the Inhibition of the gasification stage of 
digestion but not the liquefaction stage. In the lique­
faction stage some carbon dioxide Is produced In decarboxyla­
tion reactions. Methane Is only formed In the gasification 
stage. Thus, Inhibition of the gasification stage would 
177 
tend to Increase the percentage of carbon dioxide In the 
digester gas. 
The explanation of conclusion 2 may depend upon the solu­
bility of carbon dioxide in the digesting sludge. As the 
detention time decreased and the loading rate increased 
higher alkallnities were observed in the digesting sludge. 
Thus more carbon dioxide would be combined in chemical com­
pounds such as carbonates and bicarbonates in the digesting 
sludge at high alkallnities. This may have prevented the 
carbon dioxide content of the digester gas increasing signifi­
cantly. 
D. Volatile Acids 
The level of the volatile acids In the digesting sludges 
during Run 3 are shown in Table 32. A typical plot of this 
data is shown in Figure 18 for digester 2. At first, a 
high level of volatile acids, approximately 800 mg/l, was 
observed in the digesting sludge, probably due to the un­
stable conditions experienced when starting up the digesters. 
The level decreased as the run progressed until about 20 days 
after filling the digesters a mean concentration of about 
200-250 mg/l of volatile acids appeared to be attained. The 
volatile acids concentration varied widely after the 20th 
day, but the variations about the mean concentration appeared 
to be equal. Towards the end of the run the volatile acids 
concentration increased to 650 mg/l in a manner which sug­
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gested that digestion was failing. 
A similar pattern of variation of volatile acids con­
centration was noticed in digesters 1, 3# 4 and 5, Digester 
6 differed from this pattern. The initial high level of 
volatile acids did not decrease appreciably as the run 
progressed. The volatile acids concentration at the beginning 
of Run 3, during the period when it appeard that equilibrium 
values were reached, and at the end of Run 3 are shown in 
Table 8. Table 8 shows that as the solids concentration 
increased in the digesters the equilibrium level of volatile 
acids also increased. Except for digester 4, the volatile 
acids concentration during periods when the digestion ap­
proached failure at the end of the run also Increased with 
solids concentration. An interesting feature regarding the 
production of volatile acids was noticed in the results from 
digester 6. Volatile acids concentrations as high as 5,000 
mg/l did not cause the complete inhibition of the acid forming 
organisms. Schulze (157) obtained volatile acid concentra­
tions as high as 55,000 mg/l when digesting sludge with a 
50 percent solids concentration. The ability of the acid 
forming organisms to function at such high acid concentra­
tions is discussed under the section on recommendations. 
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Table 8. Volatile acids concentration in digesting sludge,^ 
Run 3 
Digester 
Day 1 2 3 4 5 6 
Average solids 
concentration 
(percent) 1.9 3.5 5.8 7.4 9.0 10.6 
Day 6 590 830 2020 3450 2800 2690 
Equilibrium valuel20 250 420 450 500 2500 
Day 66 280 630 1080 450 4870 5680 
^mg/l as acetic acid. 
The volatile acids concentration in the digesting sludge 
in digester 4 did not show that failure of digestion was 
about to occur. Although the gas production data did indi­
cate imminent failure of digestion it might have been 
possible to increase the loading rate to a higher level 
without failure. 
From these results it can be concluded that as the solids 
concentration increases the equilibrium volatile acids level 
also Increases. 
E. Individual Volatile Acids 
The individual volatile acids observed in the digesters 
at various times throughout the study are listed in Table 9• 
Shortly after starting Run 3» all of the digesters except 
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Table 9. Volatile acids in digesting sludge, Run 2 
Digester 
Day 
5 Acetic Acetic Acetic Formic Acetic Acetic 
Propionic Propionic Propionic Propionic Propionic Propionic 
Butyric Butyric Butyric Butyric Butyric 
Valeric Valeric Valeric Valeric Valeric 
6 Acetic Acetic Acetic Acetic Propionic Acetic or 
Propionic Propionic Propionic Propionic Butyric Propionic 
or or or or 
Butyric Butyric Butyric Butyric Butyric or 
Valeric 
19 Acetic 2 uniden- 1 uniden-
Butyric tified tified 
Valeric 
Butyric 
Acetic 
Valeric 
Butyric 
Acetic 
Valeric 
Butyric 
Acetic 
29 Acetic 
Propionic 
Butyric 
Valeric 
60 Acetic Acetic - Valeric 
Propionic Propionic Butyric 
Propionic 
Acetic 
66 Acetic Acetic Acetic Acetic Valeric Valeric 
Propionic Propionic Propionic Propionic Butyric Butyric 
Propionic Propionic 
_____ Acetic Acetic 
No acids identified. 
Acid 
Formic 
Acetic 
Propionic 
Butyric 
Iso-butyric 
Valeric 
M-
0.13-0.16 
0.18-0.25 
0.27 
0.41-0.42 
0.37 
0.51-0.54 
I8l 
digester 1 contained acetic, propionic, butyric and valeric 
acids in measurable quantities. Digester 1 contained only 
acetic acid and propionic acid. According to Buswell et alo 
(19), the ability to Identify a volatile acid depends on the 
concentration of the acid present. A low solids content 
was maintained in^digester 1 and the resulting dilution of 
volatile acids produced during digestion may explain the 
absence of butyric and valeric acids. The results agree 
with similar data reported in the literature which indi­
cates that during unstable digestion, i.e., when starting 
the digestion process, the acids mentioned above are present. 
The results of other studies also Indicate that as alkaline 
digestion becomes established, propionic acid tends to 
disappear. This occurred with all digesters by the 19th 
day. As the loading rates were Increased, propionic acid 
began to reappear in the digesters until on the 66th day 
propionic acid was identified In all the digesters. Acetic 
acid was identified in the digesters whenever volatile acids 
could be identified, thus confirming the general belief that 
acid is the most Important volatile acid intermediate in 
sludge digestion. Although digestion in digesters 4, 5 
and 6 appeared to be operating in a stable condition with 
regard to gas production, butyric and valeric acids were 
frequently identified in the sludge from these digesters 
throughout the run. The data of Llublmov and Kagan (98) 
Indicate that butyric and valeric acids are not present in 
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digesting sludge in a stable digestion process. The presence 
of butyric and valeric acids in the digesting sludge will be 
governed by the efficiency of the gas producing organisms. 
However, normal uniform gas productions were obtained from 
digesting sludge when these acids were present indicating 
that the gas producing organisms were not inhibited in their 
presence. The results obtained here disagree with the results 
of Liubimov and Kagan. A definite statement cannot be made 
with regard to which results are correct because the apparatus 
used in this study to identify volatile acids was not very 
sensitive. 
• 
P. Loading Rate 
All digesters were loaded until a breakdown in the 
anaerobic digestion process was imminent. The point of 
breakdown was not rigidly defined. It was taken as the load­
ing rate at which the gas production decreased and continued 
to decrease even though the loading rate was held constant. 
Other indicators were used to indicate that a breakdown had 
occurred. With the loading rate held constant, a continuous 
increase in volatile acids, a large increase in the specific 
resistance of the digesting sludge, a decrease in the vola­
tile solids reduction and a decrease in gas quality were 
among the Indicators used. Every indicator did not describe 
the onset of digester failure in each digester. 
An equation can be derived relating the rate of loading 
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a digester with the detention time in the digester and the 
solids concentration in the feed sludge to the digester. 
Suppose: L = loading rate (lb volatile solids 
added per. cu ft per day) 
D = detention time (days) 
T = total solids concentration in the 
feed sludge (percent) 
V = volatile solids concentration in 
the feed sludge (percent) 
A = volume of digester (cu ft) 
t 
Then, the weight, of total solids added per day to a digester 
is given by: 
100 lb. 
(V) 
Hence, the weight of sludge added is: 
(L)(A) X lo'^ lb. 
(V)(T) 
Assuming a sludge density equal or close to that of 
1. ' 
water , the volume of sludge added is: 
. (L)(A) lo'' ou ft 
(V)(T)(62.4) 
1 
The variation in sludge density with solids concentra­
tion is small. Figure 28b is a plot of sludge density versus 
solids concentration for the sludges used in Run 2. It can 
be seen that as the solids concentration increases from 0 to 
12 percent the sludge density increased from 62,4 lb per cu 
ft to 65.5 lb per cu ft. The change in density will vary 
with the characteristics of the solids studied but for 
domestic sewage sludge the author believes that the variation 
will be small. 
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The detention time of the solids In the digester, assuming 
complete mixing, is given by: 
If three of the four values involved are substituted in the 
foregoing equation and the fourth value calculated, a straight 
line plot of the results will be obtained on log-log graph 
paper. Probably the simplest way to use the above equation 
would be to consider the volatile solids content as a con­
stant, 
log D = log 62.4 + log V - 4.0 + log T-log L (2) 
or log D = K 4 log T-log L (3) 
where K = log 62,4 + log V - 4,0, 
Equation 3 is valid only when using the concentration of 
total and volatile solids in the feed sludge, A more informa­
tive form of Equation 3 could be to have the solids expressed 
in terms of the solids concentration in the digesting sludge. 
This would more nearly represent the actual environment 
inside the digester. Accordingly, a graph of total solids 
concentration times volatile solids concentration in the feed 
sludge was plotted versus the total solids concentration times 
volatile solids concentration in the digesting sludge (Figure 
20), The data was obtained from Tables l4, l6, iB and 20. 
D = 
(A) 
= i^î4M-aays (1) 
(V)(T)(62,4) 
m 
A straight line relationship between the two was obtained. 
If the total and volatile solids concentration of the digest­
ing sludge can be represented by and respectively. 
Figure 20 shows that: 
(T)(V)= (Tj)(V^) (1.775). 
Substituting this relationship In Equation 2 
log D = log 62.4 + log 1.775 + log - 4.0 
+log - log L 
or log D = + log - log L (4) 
where log 62.4 4 log 1.775 + log — 4.0. 
The values for detention time, total solids concentration 
In the digester and loading rates used In Run 3 were plotted 
In Figure 29. The conditions prevailing when the digesters 
became sour are Indicated. It will be noticed In Figure 2$ 
that the minimum detention time achieved with good digestion 
In any digester was approximately 8.8 days. 
The value obtained from Figure 19 relating the total 
solids In the feed sludge to the total solids In the digest­
ing sludge was used In conjunction with the similar value 
obtained from Figure 20 to determine the relationship between 
the volatile solids In the feed sludge to the volatile solids 
In the digesting sludge. I.e. 
(T)(V) = (T^)(Vi)(1.775) 
and T = T^ (1.23). 
Hence, V == (1.44). (5) 
Figure 29. Loading rate versus detention time for 
digesters 1 through 6, Run 3 
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Assuming a volatile solids concentration of 72,0 percent In 
the raw sludge, the volatile solids concentration In the 
digesting sludge as calculated from Equation 5 would be 50.0 
percent. This represents approximately a 6l,l percent 
reduction In volatile solids. Using a value of 50.0 percent 
volatile solids In the digesting sludge, values for deten­
tion time and loading rate were substituted in Equation 4 
and lines were drawn for various solids concentrations in 
Figure 29. The calculated points closely approximated the 
points obtained in the experiments thus tending to prove 
the validity of the derived equations. The slopes of the 
calculated and experimentally determined lines differ only 
slightly. The error was probably due to the volatile solids 
content of the digesting sludge not being 50.0 percent as 
assumed. 
The maximum loading rate achieved in a digester without 
failure was plotted against the solids concentration main­
tained in the digester (Figure 30). The curve obtained rose 
steeply at the lower solids concentrations. As the solids 
concentration increased, the slope of the curve decreased. 
The maximum loading rates achieved in Run 2 were also plotted 
in Figure 30. These values agreed with the values obtained 
in Run 3. The maximum loading rates achieved by other 
experimenters compared favorably with results obtained in 
this study. Figure 30 indicates that loading rates of a 
digester cannot be increased indefinitely by increasing the 
Figure 30. Maximum loading rates 
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solids concentration. As the solids concentration is in­
creased, the corresponding ability to increase loading is 
decreased. There are several reasons for supposing a maxi­
mum loading rate will be achieved. Some of them are: 
inadequate mixing will result as the solids content is 
increased due to the increase in viscosity of the sludge; 
ammonia-nitrogen toxicity in thickened sludges as discussed 
by Albertson (2); inability of the organisms to circulate 
freely in the sludge which would prevent the organisms coming 
into contact with new food and also keep them in the local­
ized concentration of their own end products; physical 
problems in maintaining and feeding plant scale digesters 
with very high solids concentrations. 
In a situation where the solids concentration is not 
the limiting factor which determines the extent to which a 
digester can be loaded, the detention time may become the 
limiting factor. The minimum detention time at which a 
completely mixed anaerobic digester can operate is directly 
related to the average generation time of the gas forming 
bacteria in the digesting sludge. If the detention time of 
the digesting sludge in a digester is low, a large proportion 
of the digesting sludge is replaced at each feeding. Thus, 
a large proportion of the gas forming bacteria in the digest­
ing sludge are also removed from the digester at each feeding 
The minimum detention time at which a digester can operate 
is reached when the rate of removal of the gas producing 
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bacteria Is equal to their rate of reproduction. For 
example, suppose a minimum detention time D, of the digest­
ing sludge in a digester is achieved without causing 
digestion failure. Under this condition, the gas forming 
bacteria must be reproducing at the same rate at which they 
are being removed in the digesting sludge. Consider a 
digester of unit volume which is fed once a day and from 
which sludge is withdrawn immediately before feeding. If 
the quantity of sludge in the digester is to remain con­
stant from day to day, the volume of raw sludge fed to the 
digester each day must be equal to the volume of sludge 
withdrawn from the digester each day, i.e., ignoring the 
amount of volatile solids which is converted to gas. This 
amount, relative to the quantity of sludge withdrawn at low 
detention times. Is negligible. If the total number of gas 
forming bacteria uniformly distributed in the digesting 
sludge is equal to N then the number of bacteria withdrawn 
in the digesting sludge at each feeding is î^(l/D). The 
number of bacteria remaining in the digester is -
(1/D), For digestion to continue without failure, the 
bacteria must replace those lost in the withdrawn sludge 
before the digester is fed again. Thus, the number of bac­
teria which have to be replaced in one day is equal to 
NgU/D). 
The number of bacteria, which reproduce by binary 
fission, resulting from reproduction may be formulated as: 
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b = 0*2" 
where b is the number of bacteria resulting from an 
inoculum c after n generations. In the foregoing example, 
b % 
c = Nb - n (1/D) 
and n =the number of generations in one day which 
are necessary for the bacteria to replace 
the bacteria lost in the withdrawn sludge. 
Hence, 
% =[% - 2" 
or _S_ = gn . 
D-1 
In this study, a minimum detention time of 8,8 days was 
achieved without digestion failure. 
Thus, 
= 2^ 
73 
and 
n = 0,174, 
If in one day there were 0,174 generations the generation 
time of the organisms must be 5,75 days. This means that the 
average generation time of the gas producing bacteria In the 
above case must be less than 5*75 days or the digestion would 
fail sin^jly by removal of the gas producing bacteria. If the 
average generation time was longer the minimum detention time 
of 8,8 days could hot have been achieved. In this study, 
digestion failed when the detention time was "7,3 days. In 
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this case, 
1^ = 2" 
6.3 
n = 0.213 
and the generation time would be 4,69 days. Since digestion 
failed, it appears that the average generation time was not 
sufficient to keep up the level of gas producing organisms 
and consequently was greater than 4,69 days. These results 
may indicate an actual generation time greater than 4,69 
days but less than 5,75 days. 
Generation time depends on many factors such as temper­
ature and the characteristics of the sludge. Thus, the 
average generation time of the gas forming bacteria applies 
only to this study and the particular conditions under 
which it was conducted. However, many reports in the litera­
ture indicate that the minimum detention time achieved with 
good digestion is approximately 8 days. It, therefore, 
appears likely that the average generation time of the gas 
forming organisms in high rate sludge digestion is in the 
region of 5 days, ^ 
In conclusion the following results were observed: 
1, A minimum detention time of 8,8 days was obtained 
in this study without digestion failure. The 
calculated average generation time of the gas 
forming organisms at this detention time was in 
the region of 5 days. 
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2. It appears that as the digester solids concentra­
tion increases the allowable loading rate to the 
digester also increases without digestion failure. 
The results showed that a maximum loading rate 
is likely to be obtained because of limiting 
factors such as detention time and efficiency of 
mixing. 
3. The maximum loading rate achieved in this study, 
without digestion failure, was approximately 
0.56 lb volatile solids added per day per cu 
ft of digestion capacity. 
G. Alkalinity and pH 
Data showing the pH and alkalinity levels in the digest­
ing sludges are presented in Tables 33 and 34. The data in 
Tables 22, 24, and 33 indicate that there was a general 
decrease in the pH of the digesting sludges as the loading 
rates to the digesters were increased and the detention 
times were decreased. In Table 22, the loading rate to 
—2 
digester 2 is shown to Increase from 2.5 x 10 to 29.5 x 
p 
10" lb volatile solids added per cu ft per day from day 11 
to day 70. Over the same period of time the pH of the digest­
ing sludge in digester 2 (Table 33) decreases from 7*80 to 
6.65. Table 24 indicates that the detention time decreased 
from 81 days on the 11th day to 7.2 days on the 70th day. 
The pK of the sludges in digesters 5 and 6 (Table 33) appeared 
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to be less in most cases than the pH of the sludges In the 
other digesters on the same day. On the 70th day, the pH of • 
the sludges Indicated the onset of sour conditions In all of 
the digesters except digester 4, The results obtained by 
Sawyer and Schmidt (152) which showed that pH Increased with 
solids concentration did not agree with the findings In this 
study. However, the maximum solids concentration (5.2 percent) 
they used In their study was not as high as the solids con­
centrations used In this study. Sawyer and Schmidt noticed 
a decrease In pH as the detention time decreased. 
The alkalinity of the digesting sludge Increased as the 
solids concentration Increased and as the detention time 
decreased. Table 10 which was obtained by selecting the 
values of solids concentration and alkalinity for a typical 
day from Tables 18 and 35 shows the Increase In alkalinity 
with solids concentrations. Table 11 was obtained by 
extracting values of detention time and alkalinity for a 
typical digester from Tables 24 and 35. This table shows the 
Increase of alkalinity with decrease in detention time. 
Sawyer and Schmidt (152) observed an increase In alkalinity 
with solids concentration but when the detention time was 
decreased they observed a decrease in alkalinity. Albertson 
(2) reported that digesters could be operated at higher vola­
tile acids levels when high alkallnltles were maintained in 
the sludge. This ability was also observed in this study 
with digester 6, 
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Table 10, Alkalinity and solids concentration on day 64, 
Run 3 
Digester Solids concentration' ^ Alkalinity^ 
1 1.83 1500 
2 3.56 2900 
3 5.50 3800 
4 7.19 5100 
5 9.78 6900 
6 11.16 8000 
^Percent. 
^Mg/l as CaCOg. 
Table 11, Alkalinity and detention time of digester 3» 
Run 3 
Day Detention time® Alkalinity^ 
19 32.4 2930 
26 34.8 3300 
53 11.4 3400 
64 8.9 3800 
®Days. 
^Mg/l as CaCOg. 
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H. Sludge Devraterlng 
Three determinations of specific resistance were made 
of the sludge from each digester during Run 3. The results 
of the determinations are shown in Table 12, Also Included 
in the table are specific resistances observed for raw 
sludge from the Ames and Nevada sewage treatment plants, 
and Ames digested sludge. 
Table 12. Specific resistance® of digesting sludge and raw 
sludge. Run 3 
Digester 
Day 
26 2,7 15.2 13.8 12.4 12.9 15.8 
57 15.4 14.7 14.3 14.9 31.6 57.1 
74 26.9 19.6 15.1 20.6 19.9 29.4 
Ames raw sludge 
Nevada raw sludge 
10.2 
6.9 
BSec^ per lb mass x 10^^, 
Practical experience has shown that digested sludge is 
easier to dewater than raw sludge. Thus, the specific re­
sistance of sludge should decrease as digestion continues. 
The results of specific resistance determinations of Ames and 
Nevada raw sludges and Ames digested sludge agree with this 
supposition (Table 12), A low specific resistance for the 
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Nevada raw sludge was obtained but this can be explained If 
the operation of the Nevada sewage treatment plant Is con­
sidered, The removal of sludge from the primary ..tank to the 
digester at the Nevada plant Is accomplished for one minute 
every thirty minutes by the operation of a positive dis­
placement pump, activated by a time clock. All of the sludge 
is not removed from the tank and it is possible for sludge 
to remain in the tank for several days. In warm weather, 
partial digestion of the sludge will occur and the author 
believes that the sample collected for the dewaterlng test 
was collected under these conditions. 
Specific resistances of the digesting sludges shown in 
Table 12 were plotted in Figure 31 against corresponding 
loading rates (Table 22), The trend of the data plotted in 
Figure 31 indicated that the specific resistance of digesting 
sludge Increased as the loading rate increased. For example, 
as the loading rate increased from 0,1 to 0,5 lb volatile 
solids added per cu ft per day the specific resistance of 
2 
the digesting sludge increased from 15 to 19 sec per lb 
mass X 10 , The increase was small indicating that in the 
range mentioned a change in loading rate has little effect 
on specific resistance. There was some scatter to the data 
which will be discussed later in this section. 
The effect of detention time on the specific resistance 
of digesting sludge was determined from Figure 32, Figure 
32 was plotted using specific resistance data from Table 12 
Figure 31, Effect of loading rate on specific resistance. 
Run 3 
Symbol 
o 
A 
o 
Ames raw sludge 
Nevada raw sludge 
Run 3 
Figure 32, Effect of detention time on specific resistance 
for digesters 1 through 6, Run 3 
Figure 33. Effect of solids concentration on specific 
resistance at detention times pf 10, 20 and 
30 days. Run 3 
Symbol 
o 
A 
e. 10 day detention time 
20 day detention time 
30 day detention time 
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and .the associated detention times which were obtained from 
Table 24, An increase in specific resistance was observed 
with the sludges in all the digesters as the detention time 
decreased. The specific resistances of the sludges in di­
gesters 5 and 6 deviated from the behaviour of the sludges in 
the other digesters. As the detention time decreased the 
specific resistance of these sludges increased rapidly until 
maximum values of approximately 32,0 and 57.0 sec^ per lb 
mass X 10^^ were reached for digesters 5 and 6 respectively 
at a detention time of 11,3 days. As the detention time was 
decreased below 11.3 days a rapid decrease in specific re­
sistance of the sludges in both digesters was noticed. The 
scatter of data in Figure 31 was mentioned previously. Three 
isolated points showing high specific resistance were observed 
between loading rates of 0,4 to 0.7 lb volatile solids added 
per cu ft per day. If a line were drawn through the three 
isolated points a trend would be indicated which would agree 
with the trend shown in Figure 32. In Figure 31 the trend of 
the line indicates that as the loading rate increases the 
specific resistance reaches a maximum and then decreases 
rapidly. At the high specific resistance levels, which appear 
to be immediately prior to digestion failure, the sludge would 
be relatively difficult to dewater. Above a loading rate of 
0,5 lb volatile solids added per cu ft per day in Figure 31 
and below a detention time of 11,3 days in Figure 32, the 
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ability to dewater the sludge Increased rapidly as Indicated 
by the decrease in specific resistance. Figure 29 shows that 
digesters 5 and 6 were sour at these conditions. The con­
clusion which may be drawn from the foregoing discussion is 
that the sour sludge in this study was easier to dewater than 
sludge undergoing alkaline digestion but close to failure, 
Popel (128) reported data which appeared to confirm 
the results of this study. Although Popel's studies were not 
concerned with sludge filtration, as we were in the use of 
the specific resistance test, his data indicated that di­
gested sludge after only a few days of digestion (3 to 5.7 
days) was able to concentrate better than was sludge which 
had digested for periods above or below the times mentioned. 
He showed that optimum sedimentation of digested sludge 
solids could be obtained after digestion times of 4 to 5 
days. The results indicate that the dewaterlng characteris­
tics of digested sludge solids, as measured by solids-liquid 
separation, are better in sour digestion than in alkaline 
digestion close to failure. 
Data from Figures 32 and 22 were used to plot Figure 33. 
Specific resistances for each digester were extracted from 
Figure 32 at 10, 20 and 30 day detention times and plotted 
against the corresponding solids concentrations at the same 
detention times (Figure 22). The trend for the 10 day de­
tention time showed a minimum specific resistance at a 
solids concentration about 4 to 6 percent. With 20 and 30 
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day detention times, the speolfic resistance increased with 
the digester solids concentration. However, the specific 
resistance for these detention times remained relatively con­
stant for solids concentrations between 3 and 8 percent. 
Above 6 percent solids concentration the trends for the 10, 
20, and 30 day detention times do show that specific re­
sistance decreases as the detention time increases. 
In summary, the results obtained in this study on the 
dewatering ability of digested sludge indicate that: 
1. Specific resistance increases slightly as load­
ing rate increases. 
2. Specific resistance Increases as detention 
time decreases. 
3. Sour digesting sludge may have better dewater­
ing characteristics than alkaline digesting 
sludge close to digestion failure. 
The cause of the increase in specific resistance for sludges 
at a solids concentration of 8 percent or more was not 
clear. A possible explanation was the entrapment of gas 
bubbles in the sludge as it became more viscous. At times 
of high gas production, the sludges from digesters 5 and 6 
resembled a thick foam in consistency. This would tend to 
retard the release of liquid from the sludge. The sudden 
decrease in specific resistance of the sludge from digesters 
5 and 6 at 10.6 days detention time may have been due to the 
presence of acid conditions inside the digester. The 
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gasification process would be reduced under these conditions 
thus eliminating any retarding effects on the release of 
liquid from the sludge due to foam. The pH change was not 
large when the digesters turned sour so it is doubtful if 
this was the cause. 
The rapid decrease in the specific resistances of the 
sludges in digesters 5 and 6 when acid conditions prevailed 
may be of importance in the design of continuous flow anaer­
obic digesters. This is discussed in the section on recom­
mendations. 
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VI. CONCLUSIONS 
The effect of solids concentration In a digester on the 
progress of anaerobic digestion was evaluated in this study 
by periodically increasing the loading rate to six completely 
mixed digesters maintained at 95°P» The digesting sludge 
in the digesters was maintained at about 1.9, 3.3, 5.8, 
7.4, 9.0, and 10.6 percent total solids concentration. 
The following conclusions were reached: 
1. There is an optimum solids concentration in 
digesting sludge at which maximum gas pro­
duction can be expected. In this study, the 
optimum solids concentration appeared to be 
between 3 and 5 percent. With higher solids 
concentrations the gas production decreased 
approximately linearly. 
2. As the detention time increases, or the load­
ing rate decreases, the gas production 
increases. 
3. Optimum solids concentrations appear to exist 
for maximum calculated volatile solids re­
ductions, In this study, the optimum solids 
concentrations were between 4 and 7 percent. 
Theoretically, the optimum solids concentrations 
should have been the same for both maximum 
gas production and maximum volatile solids 
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reduction. 
4. To obtain an accurate measure of the volatile 
solids reductions In digesting sludge, the 
volatile solids in the digesting sludge must 
be at an equilibrium level, 
5. A maximum gas quality of 67.9 percent methane 
and 32,1 percent carbon dioxide was obtained 
from digesting sludge with an average solids 
concentration of 5,8 percent. 
6. As the solids concentration in digesting sludge 
increases the normal operating concentration 
of volatile acids in the digesting sludge also 
increases. A volatile acids concentration of 
greater than 5000 mg/l was attained with only 
partial digestion failure, 
7. The presence of propionic acid in digesting 
sludge indicates the onset of unstable 
digestion conditions. Butyric and valeric 
acids do not necessarily indicate unstable 
digestion conditions, since they were observed 
in digesting sludge during periods of stable 
digestion. 
8. The allowable loading rates to digesters 
without causing digestion failure increase as 
the digester solids concentration increases. 
A maximum loading rate will probably be reached 
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beyond which digestion failure will occur because 
mixing will not be as effective in giving uni­
form conditions of digestion, or possibly be­
cause the detention time in the digester will 
be critical with regard to the generation time 
of the gas forming bacteria, 
9. A minimum detention time of 8.8 days was obtained 
without digestion failure at a solids concentra­
tion of 5«30 percent and a loading rate of 0.37 
lb volatile solids added per cu ft per day. 
The generation time of the gas producing bac­
teria was calculated, using the minimum time 
detention time achieved to be approximately 5 
days. 
10. The maximum loading rats achieved in this study, 
without digestion failure was 0.56 lb volatile 
solids added per cu ft per day at 11.3 days 
detention time and a digesting sludge solids 
concentration of 11.3 percent. 
11. The pH of the digesting sludge decreased as 
thé loading rate to a digester increased and the 
detention time decreased. 
12. As the solids concentration in digesting sludge 
increases the alkalinity of the sludge increases. 
At 11,2 percent solids an alkalinity of about 
8000 mg/l was observed. 
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13. The alkalinity of digesting sludge increased 
as detention time decreased. 
14. The digesters in this study which maintained 
high alkalinitles in the digesting sludge 
could be operated with high volatile acids 
concentrations in the digesting sludge. 
15. The specific resistance, a measure of the 
dewatering characteristics of sludge, of the 
digesting sludge increases as the loading rate 
Increases and the detention time decreases. 
16. Digesting sludge which has turned sour appears 
to have better dewatering characteristics than 
alkaline digesting sludge close to digestion 
failure. 
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VII. RECOMMENDATIONS 
The results in this study indicated that the domestic 
sewage sludge used digested best at a digester solids con­
centration of 3 to 5 percent based on gas production per lb 
of volatile solids added and 4 to 7 percent based on the 
maximum calculated volatile solids reductions. Theoreti­
cally, the optimum solids concentration should be the same 
in both cases. The maximum quantity of gas produced should 
result from a maximum reduction in volatile solids. The 
reason for the apparant inconsistency is probably the non-
equilibrium conditions which existed in the volatile solids 
content of the digesting sludge. A proposed area of study 
is the determination of the effect of solids concentration 
on volatile solids reductions under equilibrium conditions. 
The general trends of volatile solids reductions have been 
Indicated in this dissertation. Data, taken under equilibrium 
conditions, are required to locate more precisely the optimum 
solids concentration at which actual maximum volatile solids 
reductions exist. The study could be used to either confirm 
or repudiate the trends shown here. 
The experimental portion of the study could consist of 
a run made at a single detention time, say 15 days which is 
common practice, and at digesting sludge concentrations of 
1, 2, 3> 4, 5 and 7 percent. Solids concentrations of 1, 2 
and 3 percent are necessary to confirm the rising limb in the 
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gas production versus solids concentration graph (Figure 23) 
and the rising limb In the volatile solids reduction versus 
solids concentration graph (Plugre 26), The data obtained 
from the 3, 4 and 5 percent sludges will give a more precise 
determination of the optimum sludge concentratlorî for di­
gestion based on the maximum volatile solids reduction. A 
digester containing 7 percent total solids sludge should be 
included in the experiment to confirm observable trends of 
the data from the digesters containing a sludge with lower 
I 
solids concentrations. At a 15 day detention time, the total 
length of the run would probably be; 5 to 6 days for digester 
start up; 10 to 15 days to achieve a detention time of 15 
days without creating abnormal conditions in the digesting 
sludge; 43 days after reaching the 15 day detention time to 
obtain a 95 percent turnover of the digesting sludge; and 10 
days to collect data under equilibrium conditions. The total 
run time would be approximately 74 days. During the study 
other data can also be collected such as gas production per 
lb of volatile solids destroyed, volatile acids concentrations, 
alkalinity concentrations, gas qualities, and the specific 
resistance of the various sludges. 
The time required to obtain a certain degree of turnover 
of the contents of a completely mixed digester which is fed 
at periodic Intervals depends on: 
1. The ratio of the volume of raw sludge added to 
the digester at each feeding, to the volume of 
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of digesting sludge, 
2. The frequency of feeding. 
The time required to obtain a percentage turnover of the 
digester contents equal to S can be formulated as, 
S = 100(l-p») 
where 8, p and n have been defined previously. In preceding 
sections n has been defined as the number of days required 
to obtain the specified degree of turnover. Actually, n Is 
the number of feedings which, in this study where the 
digesters were fed once a day, is equal to the number of days. 
Another proposed area of study was suggested by the 
results obtained from volatile acids and sludge dewaterlng 
determinations. The main cause of upset in anaerobic diges­
tion is the sensitivity of the gas forming bacteria to their 
environment. The need to preserve the activity of gas form­
ing bacteria establishes an effective control upon the rate 
at which digesters can be operated. If it were not necessary 
to maintain these bacteria, the possibility exists that very 
high loading rates and correspondingly low detention times 
could be used in digestion. The end product of such a 
process would be a sour sludge containing organic acids, 
alcohols, ketones and other compounds normally present in 
sour sludge. All of these compounds are capable of being 
metabolised readily by aerobic organisms. If the organic 
acids etc,, are placed, at a reasonable rate, into the main 
flow of sewage in a sewage treatment plant during periods of 
213 
normal low flow then could be stabilised in the aerobic 
biological treatment process. Envisioned in this process is 
continuous or near continuous feed of raw sludge to a small, 
heated, completely mixed digester. The detention will 
possibly be two days or less. Inside the digester, lique­
faction of the volatile solids takes place. The results of 
this study indicated that the acid forming bacteria can work 
in volatile acid concentrations greater than 5000 mg/l. 
Experiments have been reported in the literature in which 
volatile acid concentrations of 55,000 mg/l have been 
tolerated by the acid forming organisms. A constant displace­
ment of sludge from the digester, equivalent in volume to the 
quantity of raw sludge entering the digester, will be trans­
ferred to a settling tank. Before reaching the settling tank 
settled sewage could be mixed with the partially digested 
sludge. The solid material in the sludge would settle in 
the settling tank and the organic liquids in the sludge 
would leave the settling tank by means of the overflow weir. 
The settled solids would be pumped to drying beds. Specific 
resistance values of sour sludge indicate that the solids 
will dewater rather readily. The organic liquids washed 
from the solids will be directed into the main sewage flow 
to enter the aerobic biological unit employed by the plant. 
The advantages of this system over conventional di­
gestion would be: 
1. Smaller digesters would be required. 
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2. The heat requirements will be less. 
3. The process will be more stable. 
4. More efficient use may be made of the aerobic 
biological oxidation unit. 
No gas collection device will be required. 
The disadvantages are; 
1. There will be no gas production. 
2. Extra equipment for separating the digester solids 
from the digester liquid will be required. 
The factors which would need further evaluation are; 
the quantity of solid organic matter which is converted to 
liquid organic matter in the digester; the ease of separating 
digester solids from the organic acids etc., in the settling 
tank; the ability to treat the liquid anaerobic end products 
aerobically; and the characteristics of the digested solids. 
The characteristics of the methane forming organisms 
were discussed in the Literature Review, Some of the organ­
isms required carbon dioxide in their metabolic processes. 
Morgan (ll6) studied the effect of gas mixing with digester 
gas and found that the rate of digestion of sewage sludge 
could be Increased, The reason advanced for the improved 
rate of digestion was the efficient mixing obtained in the 
process, A study which may be worthy of further investigation 
is to determine the effect of varying the carbon dioxide 
content of the gas used for mixing the sludge. 
215 
VIII. LITERATURE CITED 
1. Agardy, P. J., Cole, R. D. and Pearson, E. A. Enzyme 
activity as a parameter of digester performance. 
Industrial Waste Conference Proceedings, Purdue Uni­
versity, Lafayette, Indiana l8; 283-296. 1963. 
2. Albertson, 0. E. Ammonia nitrogen and the anaerobic 
environment. Journal of the Water Pollution Control 
Federation 33: 978-995« 1961. 
3. American Public Health Association, American Water 
Works Association, and Water Pollution Control Federa­
tion. Standard Methods for the examination of water, 
and waste water. 11th ed. New York, N. Y., American 
Public Health Association, Inc. I96O, 
4. Aulenbach, D. B. and Heukelekian, H. Transformation 
and effects of reduced sulfur compounds in sludge di­
gestion. Sewage Works Journal 27: 1147-1159. 1955. 
5. Babbitt, H. E. Sewerage and sewage treatment. 1st ed. 
New York, N. Y., John Wiley and Sons, Inc. 1922. 
6. Babbitt, H. E. and Baumann, E. R, Sewerage and sewage 
treatment. 8th ed. New York, N. Y., John Wiley and 
Sons, Inc. 1958. 
7 .  Backmeyer, D. P. How to avoid sour digesters. Water 
and Sewage Works 102: 369-378. 1955. 
8. Bacon, V. W. Digester heating and mixing equipment. 
Sewage Works Journal I6: 534-539* 1944. 
9. Baldwin, E. Dynamic aspects of biochemistry. 2nd ed, 
Cambridge, England, University Press. 1952. 
10. Balmat, J. L. Biochemical oxidation of various particu­
late fractions of sewage. Sewage and Industrial Wastes 
29: 757-761. 1957. 
11. Banta, A. P. and Pomeroy, R. Hydrogen ion concentration 
and bicarbonate equilibrium in digesting sludge. Sewage 
Works Journal 6; 234-245. 1934. 
12. Barker, H. A. Biological formation of methane. Indus­
trial and Engineering Chemistry 48: 1438-1442. 1956. 
216 
13. Barker, H. A, On the biochemistry of methane fermen­
tation. Archiv fur Mikrobiologie 7: 404-438, 1936. 
14. Barker, H. A, Studies on the methane fermentation. 5. 
Biochemical activities of Methanobacterium omelianskii. 
Journal of Biological Chemistry 137: 153-167. 1941. 
15. Barker, H, A. Studies upon methane producing bacteria 
Archiv fur Mikrobiologie 7: 420-438. 1936. 
16-17, Behn, V, C. Plow, equations for sewage sludges. 
Journal of the Water Pollution Control Federation 32: 
728-739. i960. 
18. Buswell, A. M. Fermentations in waste treatments. In 
Underkofler, L. A. and Hickey, R. J., eds. Industrial 
fermentations. Vol. 2. New York, N. Y., Chemical 
Publishing Co. 195%. 
19. Buswell, A. M,, Boring, J. R., 3, and Milam, J. R. A 
paper chromatographic method for volatile acids. Sewage 
and Industrial Wastes 32: 721-727. i960. 
20. Buswell, A. M. and Boruff, C. S. The relation between 
the chemical composition of organic matter and the quality 
and quantity of gas produced during sludge digestion. 
Sewage Works Journal 4: 454-460. 1932. 
21. Buswell, A.M., Pina, L., Mueller, H. P. and Yahiro, A. 
Use of C^^ in mechanism studies of methane fermentation 
2. Propionic acid. Journal of the American Chemical 
Society 73: I809-I8II. 1951. 
22. Buswell, A. M. and Hatfield, W. D. Anaerobic fermenta­
tions. Illinois State Water Survey Bulletin 32. ça, 
1936. 
23. Buswell, A. M. and Neave, S. L. Laboratory studies of 
sludge digestion, Illinois State Water Survey Bulletin 
30, 1930, 
24. Buswell, A. M, and Sollo, P, W., Jr. The mechanism of 
the methane fermentation. Journal of the American 
Chemical Society 70: 1778-1780. 1948. 
25. Buswell, A. M. and Strickhouser, S. I. Some observations 
on sewage tank gases. Industrial and Engineering 
Chemistry I8: 407-409, 1926, 
217 
26. Buzzell, J. C., Jr. and Sawyer, C, N. Biochemical vs. 
physical factors in digester failure. Journal of the 
Water Pollution Control Federation 35: 205-221. I963. 
27. Cardon, B. P. and Barker, H. A. Amino acid fermenta­
tions by Clostridium propionicum and Diplococcus gly-
oinophilusl Archives of Biochemistry 12; Ib5-la0. 
^eb/IW. 
28. Carmen, P. C. A study of the mechanism of filtration. 
1. Journal of the Society of Chemical Industry (Brit.) 
52: 280T-282T. 1933. 
29. Carmen, P. C. A study of the mechanism of filtration. 
2. Experimental. Journal of the Society of Chemical 
Industry (Brit.) 53: 159T-165T. 1934. 
30. Carmen, P. C. A study of the mechanism of filtration. 
3. Journal of the Society of Chemical Industry (Brit.) 
53: 30IT-309T. 1934. 
31. Cassell, E. A. and Sawyer, C. N. A method of starting 
high rate digesters. Sewage and Industrial Wastes 31: 
123-132. 1959. 
32. Central States Sewage Works Association. Operators' 
breakfast forum, 1948. Sewage Works Journal 20: 
1092-1106. 1948. 
33. Coackley, P. and Jones, B. R. S. Vacuum sludge filtra­
tion. 1. Interpretation of results by concept of 
specific resistance. Sewage and Industrial Wastes 28: 
963-976. 
34. Copeland, W. R. Basic elements of digester operation. 
Sewage and Industrial Wastes 27: 224-226. 1955. 
35. Coulter, R. G. Environment for anaerobic destruction 
of organic material. Public Works 84: 78-79, 104-106. 
May 1953. 
36. Daniels, P. and Alberty, R. A. Physical chemistry. 
New York, N. Y., John Wiley and Sons, Inc. 1959. 
37. Dietz, J. C. and Harmeson, R. H. An investigation of 
the influence of some radioactive isotopes on sludge 
digestion. In McCabe, J. and Eckenfelder, W. W., eds. 
Biological treatment of sewage and industrial wastes. 
Vol. 2. pp. 97-106. New York, N. Y., Reinhold Publish­
ing Corporation. CI958. 
218 
38. Dlrasian, H. A., Molof, A. H. and Borchardt, J, A, 
Electrode potentials developed in sludge digestion. 
Journal of the Water Pollution Control Federation 35: 
424-439. 1963. 
39. Dunbar, Dr. Principles of sewage treatment. London, 
England, Charles Griffin and Company, Limited, 1908, 
40. Edmonds, C. J. Effect of loading rate and particle 
size on sewage sludge digestion. Unpublished M.S. 
thesis. Ames, Iowa, Library, Iowa State University of 
Science and Technology. 1962. 
41. Fair, G. M. and Geyer, J. C. Elements of water supply 
and waste water disposal. New York, N. Y., John Wiley 
and Sons, Inc. 0I958. 
42. Pair, G, M, and Moore, E. W. Heat and energy relations 
in the digestion of sewage solids. 3. Effect of 
temperature of incubation upon the course of digestion. 
Sewage Works Journal 4: 589-6OO, 1932. 
43. Pair, G, M, and Moore, E, W, Observations on the di­
gestion of a sewage sludge over a wide range of tempera­
tures. Sewage Works Journal 9: 3-5. 1937. 
44. Pair, G, M, and Moore, E, W, Time and rate of sludge 
digestion and their variation with temperature.. Sewage 
Works Journal 6: 3-13. 1934, 
45. Federation of Sewage Works Associations, To lime or not 
to lime? Sewage and Industrial Wastes 22: 357-362, 
1950. 
46. Fischer, A. J, and Greene, R, A, Plant scale tests on 
thermophilic digestion. Sewage Works Journal 17: 718-
729. 1945. 
47. Flood, P, L. Sewage treatment plant equipment. Water 
and Sewage Works 101: R234-R267. 1954. 
48. Flood, G. M. Sewage treatment and disposal. London, 
England, Blackie and Son, Limited. 1926. 
49. Flower, G. E., Budd, C. B. and HaUck, C. Effects of 
activated carbon in the digestion of fresh solids-
activated sludge mixtures. Sewage Works Journal 10: 
441-449, 1938. 
219 
50. Francis, T. P. Modem sewage treatment, London, England, 
The Contractors' Record, Limited, £a. 1931. 
51. Fruton, J, S, and Slmmonds, S, General biochemistry, 
2nd ed. New York, N. Y., John Wiley and Sons, Inc. 1959. 
52. Gale, E, F, The production of amines by bacteria. 1. 
The decarboxylation of amino acids by strains of bacteri­
um coll. Biochemical Journal 34: 392-413, 1940, 
53. Garber, W, F, Plant scale studies of thermophilic di­
gestion at Los Angeles, Sewage Works Journal 26: 1202-
1216, 1954. 
54. Garrison, W, E,, Parkhurst, J, D, and Nagel, C, A. 
Accelerated sludge digestion, 2, Gas rècirculâtion-
natural, artificial. Water Works and Wastes Engineering 
1:58-63. 1964, 
55. Giles, J, H, L, Liming of sludge digesters or digestion 
compartments. Sewage Works Journal 21: IO72-IO76, 1949. 
56. Golueke, C. G. Temperature effects on anaerobic di­
gestion of raw sewage sludge. Sewage and Industrial 
Wastes 30: 1225-1232. 1958. 
57. Golueke, C. G., Oswald, W. J. and Gotaas, H. B. Anaerobic 
digestion of algae. Applied Microbiology 5: 47-55. 
1957. 
58. Gould, R. H. Economic practices in the activated sludge 
and sludge digestion processes. Sewage and Industrial 
Wastes 31: 399-405. 1959. 
59. Great Lakes-Upper Mississippi River Board of State Sani­
tary Engineers, Recommended standards for sewage works. 
Mimeo, Des Moines, Iowa, Iowa State Board of Health, 
May 10, i960, , 
60. Griffiths, J. The practice of sludge digestion. In 
Isaac, P, C, G., ed. Waste treatment, pp. 367-384. 
New York, N. Y., Pergamon Press. I96O. 
61. Grune, N, W, Application of gas chromatography to sludge 
digestion gas analysis. Water and Sewage Works 107: 
395-399. i960, 
62. Grune, N, W,, Bartholomew, D, D, and Hudson, 0, I,, Jr, 
Effects of radioactive materials on anaerobic digestion, 
1. Radlophosphorus. Sewage and Industrial Wastes 30: 
1123-1150. 1958. 
220 
63. Gnine, N. W., Bartholomew, D. D. and Hudson, C, I., Jr. 
Effects of radioactive materials on anaerobic digestion. 
2, Radioiodine, Sewage and Industrial Wastes 30: 1399-
1410. 1958. 
64. Gurne, N. W., Carter, J. V., Jr. and Keenan, J. P. 
Development of a continuous gas chromatographic analyzer 
for sludge digestion studies. Sewage and Industrial 
Wastes 28: 1433-1442. 1956. 
65. Grune, N. W. and Chun-Pel Chueh. Redox potentials in 
waste treatment: laboratory experiences and applications. 
Sewage and Industrial Wastes 30: 479-502. 1958. 
66. Grune, N. W., Chun-Pel Chueh and Hawkins, J. M. Gas 
chromatography for waste treatment control. Journal of 
the Water Pollution Control Pederatlon 32: 942-948, 
i960. 
67. Grune. N. W., Chun-Pel Chueh and Kaplan, C. H. Effects 
of Cl4 and Sr90 on anaerobic digestion. Journal of the 
Water Pollution Control Pederatlon 4: 493-531. 1963. 
68. Grune, N, W. and Sload, R, Q, Blocatalysts in sludge 
digestion. Sewage and Industrial Wastes 26: 1425-1442. 
1954. 
69. Haseltlne, T. R. Preconditioning and digestion of 
sewage sludge. Water and Sewage Works 96: 271-274. 
July, 1949. 
70. Hatfield, W. D. The viscosity or pseudo-plastic proper­
ties of sewage sludges. Sewage Works Journal 10: 3-25. 
1938. 
71. Heukeleklan, H. Basic principles of sludge digestion. 
In McCabe, J. and Eckenfelder, W. W., eds. Biological 
treatment of sewage and industrial wastes. Vol. 2, 
pp. 25-43. New York, N, Y., Relnhold Publishing 
Corporation. 0I958, 
72a. Heukeleklan, H. Digestion of sewage solids between 
thermophilic and non-thermophlllc range. Sewage Works 
Journal 5: 757-762, 1933. 
72b, Heukeleklan, H. Discussion, Sewage and Industrial 
Wastes 27: 142-145. 1955. 
73. Heukeleklan, H, Further studies on thermophilic digestion 
of sewage solids, Séwage Works Journal 2: 219-227, 
1930. 
221 
74. Heukelekian H, Separation of fresh sewage solids by 
aeration Into different components and their digestion. 
Sewage Works Journal 2: 17-24, 1930. 
75. Heukeleklan H. and Balmat, J. L. Chemical composition 
of the particulate fractions of domestic sewage. 
Sewage and Industrial Wastes 31: 413-423. 1959. 
76. Heukeleklan H, and Berger, M. Value of culture and 
enzyme additions In promoting digestion. Sewage and 
Industrial Wastes 25: 1259-1267. 1953. 
77. Heukeleklan H. and Helnemann, B. Studies on the 
methane-producing bacteria. 1. Development of a method 
for enumeration. Sewage Works Journal 11: 426-435. 
1939. 
78. Heukeleklan H. and Helnemann, B. Studies on the 
methane-producing bacteria. 2. Enumeration In di­
gesting sewage solids. Sewage Works Journal 11: 436-
444. 1939. 
79. Heukeleklan H. and Kaplovsky, A. J. Effect of change 
of temperature on thermophilic digestion. Sewage Works 
Journal 20: 806-816. 1943. 
80. Hewitt, L. P. Oxidation-reduction potentials in bacteri­
ology and biochemistry. 6th ed. Edinburgh, Scotland, 
E. and S. Livingstone, Limited. 1950. 
81. Hindln, E. and Dunstan, G. H. Effect of detention time 
on anaerobic digestion. Journal of the Water Pollution 
Control Federation 32: 930-938. I96O, 
82. Hindln, E., May, D. S., McDonald, R. and Dunstan, G. H. 
Analysis of volatile fatty acids in sewage by gas chroma­
tography. Water and Sewage Works 111: 92-95. Feb. 1964. 
83. Hiscox, E. R. and Berrldge, N. J. Use of paper parti­
tion chromatography in the Identification of the volatile 
fatty acids. Nature I66: 522. 1950. 
84. Imhoff, K., Muller, W. J. and Thistlethwayte, D. K. B. 
Disposal of sewage and other water borne wastes, London, 
England, Butterworths Scientific Publications. 1956, 
85. James, A, T, and Martin, A. J. P. Gas-liquid partition 
chromatography: the separation and micro-estimation of 
volatile fatty acids from formic acid to dodecanolc 
acid. Biochemical Journal 50: 679-690. 1952. 
222 
86. Kaplovsky, A.J. Volatile acid p induction during diges­
tion of several industrial wastes. Sewage and Industrial 
Wastes 24: 194-201. 1952. 
87. Kaplovsky, A. J. Volatile acid production during the 
digestion of seeded, unseeded and limed fresh solids. 
Sewage and Industrial Wastes 23: 713-721. 1951. 
88. Keefer, C. E. The digestion of sewage sludge containing 
various concentrations of solids. Sewage Works Journal 
19: 39-42. 1947. 
89. Keefer, 0. E. and Kratz, H., Jr. Comparitive effects 
of activated carbon and lime on sludge digestion. 
Sewage Works Journal 10: 33-42» 1938. 
90. Keefer, C. E. and Kratz, H., Jr. Digesting sludge at 
37°C. Sewage Works Journal 5: 262-266. 1933. 
91. Keefer, C. E. and Kratz, H., Jr. The effect of activated 
carbon on sludge digestion. Water Works and Sewerage 
84: 56-57. Jan. 1937. 
92. Keefer, C. E. and Urtes, H. C. Digestion of volatile 
acids. Journal of the Water Pollution Control Federation 
34: 592-604. 1962. 
93. Keefer, C, E, and Urtes, H. 0, Digestion of volatile 
acids. Journal of the Water Pollution Control Federation 
35: 334-343. 1963. 
94. Kinnicutt, L. P«, Winslow, C. - E. A, and Pratt, R. W. 
Sewage disposal. 1st ed. New York, N. Y., John Wiley 
and Sons, I910. 
95. Kraus, L. S. The use of digested sludge and digester 
overflow to control bulking activated sludge. Sewage 
Works Journal 17: 1177-1190. 1945. 
96. Lackey, J. B. and Hendrickson, E. R. Biochemical bases 
of anaerobic digestion. In McCabe, J. and Eckenfelder, 
W. W., eds. Biological treatment of sewage and in­
dustrial wastes. Vol. 2. pp. 9-24. New York, N. Y., 
Reinhold Publishing Corporation. CI958. 
97. Lederer, E. and Lederer, M. Chromatography. 1st ed. 
New York, N. Y., Elsevier Publishing Co. 1955. 
223 
98. Llubimov, V. I. and Kagan, Z. S, The dynamics of vola­
tile organic acids formed during the anaerobic decompo­
sition of organic compounds by micro-organisms in 
methane tanks. (Abstract). Journal of the Water 
Pollution Control Federation 32: 110. i960. 
99. Maffitt, M. A septic tank explosion at Plorenceville, 
N. C. Engineering News 73: 4lO-4ll. 1915. 
100. Malina, J, P., Jr. The effect of temperature on high 
rate digestion of activated sludge. Industrial Waste 
Conference Proceedings, Purdue University, Lafayette, 
Indiana 16; 232-250. 1961. 
101. Mau, G. E. Applying recent research to design of sepa­
rate sludge digesters. Sewage and Industrial Wastes 
28: 1199-1210. 1956. 
102. McCarty, P. L. Anaerobic waste treatment fundamentals. 
2. Environmental requirements and control. Public 
Works 95: 123-126. Oct. 1964. 
103. McCarty, P. L. The methane fermentation. Unpublished 
paper presented at Rudolfs Research Conference, Rutgers, 
The State University, New Brunswick, N. J., June 7, 1963. 
Mimeo. Stanford University, Stanford, Cal. ca. 1963. 
104. McCarty, P. L. and Brosseau, M. H. Effect of high con­
centrations of individual volatile acids on anaerobic 
treatment. Industrial Waste Conference Proceedings, 
Purdue University, Lafayette, Indiana 18; 283-296. 
1963. 
105. McCarty, P. L., Jeris, J, S. and Murdoch, W. Individual 
volatile acids in anaerobic treatment. Journal of the 
Water Pollution Control PederatioiT"35: 150I-I516. I963. 
106. McCarty, P. L., Kugelman, I. J. and Lawrence, A, W. 
Ion effects in anaerobic digestion. Stanford University 
Department of Civil Engineering, Technical Report 33. 
March 1964. 
107. McCarty, P. L. and McKinney, R. E. Salt toxicity in 
anaerobic digestion. Journal of the Water Pollution 
Control Federation 33: 399-415. I961. 
108. McCarty, P. L. and McKinney, R. E. Volatile acid tox­
icity in anaerobic digestion. Sewage and Industrial 
Wastes 33: 223-232. 196I. 
224 
109, McDermott, G. N., Earth, E. F,, Salotto, V. and Ettlnger, 
M. B. Zinc in relation to activated sludge and anaerobic 
digestion processes. Industrial Waste Conference Pro­
ceedings, Purdue University, Lafayette, Indiana 17: 461-
475. 1962. 
110, McDermott, G, N., Moore, A, W,, Post, M, A. and Ettinger, 
M. B, Copper and anaerobic sludge digestion. Journal 
of the Water Pollution Control Federation 5: 655-662. 
1963. 
111, McKinney, R, E, Biocatalysts and waste disposal, 1, 
Fundamental biochemistry of waste disposal. Sewage and 
Industrial Wastes 25; 1129-1135» 1953. 
112, McKinney, R, E, and Poliakoff, L, Biocatalysts and 
waste disposal, 2, Effect on activated sludge. Sewage 
and Industrial Wastes 25: 1268-1276, 1953. 
113, Meister, A, Biochemistry of the amino acids. New York, 
N, Y,, Academic Press, 1957. 
114, Metcalf, L, The antecedents of the septic tank. Trans­
actions of the American Society of Civil Engineers 46: 
456-481, 1901, 
115, Morgan, J, M, and Thomson, J, F, Survey of Vacuum 
filtration for disposal of sewage sludge. Water and 
Sewage Works 102; 135-142, 1955. 
116, Morgan, P, F, Studies of the accelerated digestion of 
sewage sludge. Sewage and Industrial Wastes 26: 462-
478, 1954. 
117, Mueller, L. E., Hindih, E., Lunsford, J, V, and Dunstan, 
G, H. Some characteristics of anaerobic sludge di-_ . 
gestion, 1, Effect of loading. Sewage and Industrial 
Wastes 31: 669-677. 1959. 
118, Neave, S, L, and Buswell, A, M, Fate of grease in sludge 
digestion. Industrial and Engineering Chemistry 19; 
1012-1014. 1927. 
119, Neuspiel, P. J. and Morgan, P. F. Scientific basis for 
liming of digesters. Sewage and Industrial Wastes 27: 
177-179. 1955. 
120, Nickerspn, W. J. Transformations of carbon compounds by 
micro-organisms. Industrial and Engineering Chemistry 
48: I4ll-l4l9. 1956. 
225 
121. Oglnsky, E. L. and Umbrelt, W. W. An Introduction to 
bacterial physiology. 2nd ed. San Francisco, Cal., 
W, H. Freeman and Co., 1959. 
122. Pagano, J. F., Teweles, R. and Buswe11, A. M. The 
effect of chromi\im on the methane fermentation of acetic 
acid. Sewage and Industrial Wastes 22; 336-3^5• 1950. 
123. Pearse, L., ed. Modern sewage disposal. New York, 
N. Y., Federation of Sewage Works Associations. 1938. 
124. Pecsock, R. L., ed. Principles and practice of gas 
chromatography. New York, N. Y., John Wiley and Sons, 
Inc. CI959. 
125. Pierce, W. H. Effects of particle size on the anaerobic 
decomposition of volatile solids. Unpublished M.S. 
thesis. Ames, Iowa, Library, Iowa State University of 
Science and Technology. 1961. 
126. Pine, M. J. and Vishniac, W. The methane fermentations 
of acetone and methanol. Journal of Bacteriology 73: 
736-742. 1957. 
127. Pohland, F. G. and Bloodgood, D. E. Laboratory studies 
on mesophilic and thermophilic anaerobic digestion. 
Journal of Water Pollution Control Federation 35: 11-
42. 1963. 
128. Popel, P. Sludge digestion and disposal. Lectures for 
the European Course for Sanitary Engineering, Delft, 
1961 to 1963. Mimeo. Stuttgart, Germany. Technische 
Hochschule Stuttgart. cl964. 
129. Priiss, M. Rejuvenated sludge. Sewage Works Journal 
2: 477-485. 1930. 
130a, Rankin, R. S. Digester capacity requirements. Sewage 
Works Journal 20: 478-489. 1948, 
130b. Rankin, R. S. Discussion. Sewage and Industrial 
Wastes 27: 133-142. 1955. 
131. Rich, L. G. Unit operations of sanitary engineering. 
New York, N, Y., John Wiley and Sons, Inc. I96I, 
132, Riddle, V. M, Determination of traces of organic acids 
in small samples. Analytical Chemistry 35: 853-859. 
1963. 
226 
133. Rockercharlle, B. P. Liming a digester. Sewage and 
Industrial Wastes 25: 6l3-6l4. 1953. 
134. Rogers, A, H. The use of activated carbon at Garden 
City. Sewage Works Journal 7: 691-694. 1935. 
135. Rudgal, H. T. Bottle experiments as guide in operation 
of digesters receiving copper-sludge mixtures. Sewage 
Works Journal 13: 1248-1250. 1941. 
136. Rudgal, H. T. Effects of copper-bearing wastes on sludge 
digestion. Sewage Works Journal 18: 1130-1137. 1946. 
137. Rudolfs, W. Enzymes and sludge digestion. Sewage 
Works Journal 4: 782-789. 1932. 
138. Rudolfs, W. High and low temperature digestion experi­
ments. 4. Effect of certain toxic wastes. Sewage 
Works Journal 9: 728-742. 1937. 
139. Rudolfs, W. and Amberg, H. R. White Water Treatment. 
2. Effect of sulfides on digestion. Sewage Works 
Journal 24: 1278-1287. 1952. 
140. Rudolfs, W. and Heisig, H. M. Gas production from screen 
ings at Milwaukee, Wisconsin. Sewage Works Journal 1: 
519-532. 1928-1929. 
141. Rudolfs, W. and Heukelekian, H. Thermophilic digestion 
of sewage solids. Industrial and. Engineering Chemistry 
22: 96-99. 1930. 
142. Rudolfs, W. and Miles, H. J. High and low temperature 
experiments. Sewage Works Journal 7: 422-434. 1935. 
143. Rudolfs, W. and Setter, L. R. High and low temperature 
digestion experiments, 3. Effect of certain organic 
wastes. Sewage Works Journal 9: 549-568. 1937. 
144. Rudolfs, W., Setter, L. R. and Baumgartner, W. H. 
Effect of iron compounds on sedimentation, digestion 
and ripe sludge conditioning. Sewage Works J urnal 
1: 398-410. 1928-1929. 
145. Rudolfs, W. and Trubnick, E. H. Activated carbon in 
sewage treatment. Sewage Works Journal 7: 852-881. 
1935. 
227 
146. Ruth, B. P., Montlllon, G, H, and Montonna, R, H. 
Studies in filtration, 1. Critical analysis of filtra­
tion theory. Industrial and Engineering Chemistry 25: 
76-82. 1933. 
147. Ruth, B. P., Montlllon, G, H. and Montonna, R. H, 
Studies in filtration. 2, Pundamental axiom of con­
stant pressure filtration. Industrial and Engineering 
Chemistry 25: 153-161. 1933. 
148. Sawyer, C. N. An evaluation of high rate digestion. In 
McCabe, J. and Bctcenfelder, W, ¥., eds. Biological 
treatment of sewage and industrial wastes. Vol, 2, 
pp, 48-60, New York, N. Y., Relnhold Publishing Corpora­
tion. CI958, 
149. Sawyer, C, N,, Howard, P. S, and Pershe, E. R. Scien­
tific basis for liming digesters. Sewage and Industrial 
Wastes 26: 935-944. 1954. 
150. Sawyer, C. N. and Grumbling, J. S, Fundamental con­
siderations in high rate digestion. Journal of the 
Sanitary Engineering Division of the American Society 
of Civil Engineers 86: 49-63, Mar, i960. 
151. Sawyer, C. N. and Roy, H. K. A laboratory evaluation 
of high rate sludge digestion. Sewage and Industrial 
Wastes 27: 1356-1363. 1955. 
152. Sawyer, C. N, and Schmidt, H, E, High rate sludge 
digestion. Journal Boston Society of Civil Engineers 
42: 1-17, 1955. 
153a. Schlenz, H. E. Controlled digestion. Sewage Works 
Journal 16: 504-526, 1944, 
153b. Schlenz, H. E, Discussion, Sewage and Industrial Wastes 
27: 133-142, 1955. 
154, Schlenz, H, E, Experiences with digester foaming. 
Sewage Works Journal 8: 609-623. 1936, 
155, Schlenz, H, E, Important considerations in sludge di­
gestion, 1. Practical aspects. Sewage Works Journal 
19: 19-27. 1947. 
156, Schlenz, H, È, What you should know about sludge di­
gestion, Public Works 82: 67-74, Oct, 1951. 
228 
157. Schulze, K. L» Studies on sludge digestion and methane 
fermentation. I, Sludge digestion at increased solids 
concentrations. Sewage and Industrial Wastes 30: 28-
45. 1958. 
158. Schulze, K. L. and Raju, B. N. Studies on sludge di­
gestion and methane fermentation. II. Methane 
fermentation of organic acids. Sewage and Industrial 
Wastes 30: 164-184. 1958. 
159. Setter, L. R. Effect of iron on the anaerobic decompo­
sition of sewage solids. Sewage Works Journal 2: 504-
520. 1930. 
160. Simpson, J. R. Some aspects of the biochemistry of 
anaerobic digestion. In Isaac, P. C. G., ed. Waste 
treatment, "pp. 3I-51. New York, N. Y., Pergamon 
Press, i960, 
161. Stadtman, T. C. and Barker, H. A. Studies on the 
methane fermentation. Archives of Biochemistry 21; 
256-264. 1949. 
162. Stadtman, T. C. and Barker, H. A. Studies on the 
methane fermentation. 8. Tracer experiments on fatty 
acids oxidation by methane bacteria. Journal of 
Bacteriology 61: 67-80. 1951. 
163. Stadtman, T. C. and Barker, H. A. Studies on the 
methane fermentation. 9. The origin of methane in the 
acetate and methanol fermentations by Methanosarclna. 
Journal of Bacteriology 6I: 8I-86. 1951. 
164. Stadtman, T. C. and Barker, H. A. Studies on the 
methane fermentation. 10. A new formate-decomposing 
bacterium, Methanococcus vaniellli. Journal of 
Bacteriology 62; 269-280.1951. 
165. Steel, E. W. Water supply and sewerage. 4th ed. New 
York, N. Y., McGraw-Hill Book Co., Inc. I96O. 
166. Stephenson, M. and Gale, E. F. Factors influencing 
bacterial deamination. Biochemical Journal 34; 1316-
1322. 1937. 
167. Tetrault, P. A. The decomposition of cellulose in 
nature. Indiana Academy of Science Proceedings 39: 137 
151. 1929. 
229 
168. Torpey, W. N. High rate digestion of concentrated 
primary and activated sludge. Sewage and Industrial 
Wastes 26; 479-496. 1954. 
169. Torpey, W. N. Loading to failure of a pilot high rate 
digester. Sewage and Industrial Wastes 27: 121-148. 
1955. 
170. Torpey, W, N, and Lang, M. Elutriation as a substitute 
for secondary digestion. Sewage and Industrial Wastes 
24: 813-825. 1952. 
171. Van Kleek, L. W. Operation of sludge drying and sludge 
gas utilisation units. II. Sludge gas utilization. 
Sewage Works Journal 16: 1240-1255. 1945. 
172. Visser, S. A. Gas production in the decomposition of 
Cyperus Papyrus. Journal of the Water Pollution Control 
Federation 35: 973-988. 1963. 
173. Walker, C. L. Studies with activated carbon in sewage 
sludge digestion. Sewage Works Journal 9: 207-223. 
1937. 
174. Walraven, W. B. Separate sludge digestion tanks and 
their operation. Sewage Works Journal 7: 70-81. 1935. 
175. West, E. S. and Todd, W. R. Textbook of biochemistry. 
3rd ed. New York, N. Y., The,Macmillan Company. 1962. 
176. Wischmeyer, W. J. A study of the effect of nickel on 
sludge digestion. Sewage Works Journal 19: 790-795. 
1947. 
177. Yenchko, J. Digester operation problems in Pennsylvania. 
Sewage and Industrial Wastes 27: 94-99. 1955. 
178. Zack, S. I. and Edwards, G. P. Gas production from 
sewage sludge. Sewage Works Journal 1: i6o-i86. 1928-
1929. 
230 • 
IX. ACKNOWLEDGEMENTS 
The author Is appreciative of the assistance provided 
by numerous people In this study. He would like to express 
appreciation to Dr. E. R. Baumann for his help and guidance 
In all phases of the work. He would also like to thank the 
staffs at the Ames, Iowa, and Nevada, Iowa, sewage treat­
ment plants for their assistance in collecting sewage 
sludge; R, M. Bethea for the advice given with regard to 
the work on gas chromatography; J, 0. Shearman for writing 
a computer program to account for solubility of carbon 
dioxide in sewage sludge when calculating gas volumes; the 
staff of sanitary engineering section of Iowa State University 
who have all assisted at some time during this study. 
This study was supported by funds from the Engineering 
Experiment Station, Iowa State University of Science and 
Technology, Ames, Iowa. 
231 
X. APPENDIX 
Table 13. Total solids : in raw sludge®. Run 2 
$ 
Days 
Digester 
1 2 3 4 5 6 
1-7 1.71 4,20 5.82. 8.56 10.28 12.37 
8 1.94 3.84 6.69 8.75 10.93 12.37 
9 1.94 3.84 6.69 8.75 9.15 12.37 
10 1.94 3.84 6.69 8.75 9.15 12.37 
11 1.94 3.84 6.69 8.75 10.86 12.37 
12-13 2.30 4.60 6.81 8.94 10.57 12.37 
14 2.30 4.60 6.81 8.94 10.57 12.16 
15-16 2.30 4.79 7.10 8.97 10.41 12.16 
17 2.30 4.60 7.14 8.92 10.56 11.10 
18-21 2.36 4.72 7.12 8.92 10.57 11.10 
19 NO PEED 
22-23 2.36 4.72 7.12 , 8.88 10.57 11.10 
24 NO PEED 
25 2.24 4.60 7.14 8.92 . 13.23 13.65 
26 2.01 4.07 6.06 8.04 •*10.07 12.23 
27-31 2.01 4.07 6.06 10.07 12.23 
32 2.01 4.07 6.06 1CU12- ^ . 12.37 
33-35 1.99 4.10 6.07 mmmmmmmm . — — — 12.37 
34 NO feed 
36 1.99 4,10 6.07 - mm mm mm mm — — — — — 12.37 
37 1.99 4.10 6.07 5.09 _11.# 12.37 
38 2.08 4.10 6.07 8.20 11.26 12.32 
39 2.08 4.10 6.07 8.20 10.01 12.32 
40-43 1.90 4.10 6.07 8.20 10.01 12.32 
44-45 4.10 6.07 8.20 10.01 12.32 
46 5.09 3.93 5.97 7.95 10.01 12.19 
47 mmwmmmmm 3.93 5.97 mm mm mm mm mm 12.19 
48 2.13 4.06 6.15 8.00 10.11 12.03 
^Percent, 
^No feed. 
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Table l4. Total solids in raw sludge. Run 3 
Digester 
Days 
1 2 3 4 5 6 
2-12 2.10 4.20 6.00 8.87 11.75 14.62 
13-18 2.00 4.20 6.00 7.91 10.31 11.75 
19 2.04 4.20 6.00 7.91 10.31 11.75 
20-37 2.40 4.80 7.44 8.87 11.75 13.18 
38-40 2.56 4.79 7.39 8.89 11.39 13.39 
41 2.42 4.84 7.10 11.00 11.30 15.90 
42 2.48 4.96 8.96 9.71 13.20 15.60 
43-50 2.36 . 4.72 6.93 8.92 11.96 14.05 
51-55 2.36 4.72 7.02 9.31 12.37 13.90 
56-59 2.36 4.72 6.68 8.63 11.24 12.53 
60-62 2.36 4.72 7.02 9.33 12.40 13.93 
63-66 2.36 4,72 7.06 9.44 13.10 14.22 
67 2.36 4.72 7.06 9.44 12.97 14.22 
68-71 2.36 4.72 7.02 9.43 12.83 13.80 
72 2.45 4.91 7.19 9.38 12:85 13.84 
73 2.45 4.91 7.19 9.38 12,85 13.84 
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Table 15. Volatile solids In raw sludge^. Run 2 
Digester 
Days 
1 2 • 3 4 5 6 
1-7 69.0 71.1 70.7 67.8 70.8 70.4 
8 72.0 72.0 72.0 72.0 71.6 70.4 
9-10 72.0 72.0 72.0 72.0 69.2 70.4 
12-13 72.0 . 72.0 72.0 72.0 71.5 70.4 
14 72.0 72.0 72.0 72.0 71.5 71.2 
15-16 72.0 72.0 72.0 72.0 71.7 71.2 
17 72.0 . 72.0 72.0 72.0 71.5 69.2 
18-23 72.0 72.0 72.0 72.0 71.6 69.2 
19 NO PEED 
24 NO PEED 
25 72.0 72.0 72.0 72.0 71.1 71.1 
26 71.8 71.8 71.8 71.8 71.8 71.7 
27-31 71.8 71.8 71.8 71.8 71.7 
32 71.8 71.8 71.8 71.7 71.7 
33-35 71.8 71.8 71.8 —  —  — —  — —  71.7 
34 NO PEED 
36 71.8 71.8 71.8 71.7 
37 71.8 71.8 71.8 61.6 66.5 71.7 
38 71.8 71.8 71.8 71.8 67.0 71.7 
39-43 71.8 71.8 71.8 71.8 71.8 71.7 
44-45 — — — — 71.8 71.8 71.8 71.8 71.7 
46 61.6 71.8 71.8 71.8 71.8 71.7 
47 — — — — 71.8 71.8 —  —  — — — —  —  71.7 
48-49 72.0 72.0 72.0 72.0 71.9 71.8 
50 72.0 72.0 72.0 71.9 71.8 
^Percent 
^No feed 
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Table l6. Volatile solids in raw sludge^. Run 3 
Digester 
Days 
1 2 3 4 5 6 
2-12 76.7 76.7 76.7 74.5 71.2 70.0 
13-19 76.7 76.7 76.7 75.2 73.3 72.2 
20-37 76.7 76.7 75.7 74.4 72.3 71a 
38-40 59.3 59.3 59.1 58.6 58.2 57.7 
41 59.0 59.0 59.0 58.2 58.0 57.2 
42 59.0 59.0 59.0 58.4 57.8 57.2 
43-50 72.7 72.7 69.7 67.3 63.0. 60.4 
51-55 72.4 72.4 72.7 72.6 72.5 72.5 
56-59 72.4 72.4 71.8 71.0 70.0 69.6 
60-62 72.4 72.4 71.9 71.6 70.7 69.6 
63-67 72.4 72.4 71.9 71.3 70.5 70.3 
68-71 72.4 72.4 72.2 72.0 71.7 71.7 
72 72.2 72.2 72.0 71.9 71.8 71.7 
73 72.2 72.2 72.0 71.9 71.8 71.7 
apercent 
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Table 17. Total solids in digester^. Run 2 
Digester 
Day 
Sampled 
1 2 3 4 5 6 
1 1.42 3.60 4.97 7.60 8.37 11.15 
17 1.76 3.28 5.09 7.60 9.11 11.44 
26 2.11 3.25 5.09 7.68 9.00 11.48 
50 2.11 3.25 5.09 7.68 9.00 11.48 
^Percent 
Table 18. Total solids in digester®. Run 3 
Digester 
Day 
Sampled 
1 2 3 4 5 6 
2 1.70 2.78 5.71 8.58 10.46 8.84 
7 2.24 3.44 6.40 9.26 11.08 9.34 
8 2.11 2.84 5.22 7.70 9.94 8.50 
14 2.10 4.08 6.72 8.29 9.06 12.00 
17 2.05 3.88 6.48 7.95 8.84 11.70 
18 2.00 3.68 6.34 7.61 8.62 11.40 
21 2.02 3.45 6.24 7.47 8.62 11.20 
24 2.07 3.58 6.30 7.43 8.42 11.10 
29 1.95 3.53 5.92 7.56 8.50 10.90 
34- 1.91 3,43 5.60 7.25 8.57 10.70 
4o 1.87 3.58 6.01 7.70 9.47 11.25 
42 1.87 3.58 6.01 7.70 9.47 11.25 
47 1.84 3.49 6.52 7.39 9.64 11.20 
55 1.77 3.58 5.85 7.33 9.82 11.31 
- 69 1.86 3.55 5.30 7.12 9.75 11.11' 
72 1.86 3.55 5.30 7.12 9.75 11.11 
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Table 19. Volatile solids In the digester^, Run 2 
Digester 
Day ' 
Sampled 
1 2 3 4 5 6 
1 52.2 61.0 54.3 57.8 52.7 56.2 
17 63.0 63.0 61.3 57.8 69.7 66.4 
26 62.6 62.9 61.6 59.1 64.1 66.5 
50 62.6 62.9 61.6 59.1 64.1 66.5 
Table 20. Volatile solids In the digester' % Run 3 
Digester 
Day 
Sampled 
1 2 3 4 5 6 
2 44.4 53.9 49.9 45.8 45.4 48.8 
8 41.3 48.3 46.3 41.8 42.4 46.8 
9 38.7 48.5 46.7 42.9 42.0 46.5 
•15 41.5 51.7 47.1 44.3 44.8 49 é 2 
18 41.5 51.7 47.1- 44.3 44.8 49.2 
19 41.6 50.9 47.9 45.0 44.4 48.4 
22 43.4 53.8 51.3 45.7 46.2 48.6 
25 43.4 51.8 47.4 47.0 45.1 48.6 
30 44.4 52.3 47.8 44.5 44.2 48.3 
46.9 53.3 48.7 45.9 45.0 48.6 
2i 50.9 55.0 50.3 48.4 47.1 49.4 
43 50.9 55.0 50.3 48.4 47.1 49.4 
48 48.7 55.3 50.1 50.5 46.2 49.4 
56 55.3 57.5 52.7 51.5 51.0 53.7 
70 63.8 61.8 59.1 55.6 56.1 57.1 
73 63.8 61.8 59.1 55.6 56.1 57.1 
^Percent 
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Table 21. Volatile solids loading rates^ 
Digester 
Day 
1 2 3 4 5 6 
1 6.0 7.5 6.9 8.4 10.0 10.7 
2 5.9 7.6 7.0 8.3 10.0 10.7 
3 6.1 . 7.6 7.0 8.3 7.2 10.7 
4 7.5 10.1 10.3 11.6 12.0 10.7 
5 7.4 12.2 11.6 14.0 14.9 10.7 
6 ' 7.5 12.0 11.4 13.8 14.9 10.7^  
7 7.3 11.8 11.4 14.2 14.7 — 
8 11.1 16.4 11.5 20.6 25.3 
9 11.0 17.5 23.4 30.5 25.5 
10 11.1 17.5 23.6 30.8 25.4 
11 11.0 21.8 30.8 40.7 43.9 
12 13.2 26.2 31.2 41.4 48.9 
13 13.0 26.6 32.1 42.5 52.7 
14 13.0 26.2 31.3 42.1 49.4 21.2 
15 13.0 22.1 36.4 46.8 54.4 21.8 
16 13.0 22.4 37.1 47.5 54.9 14.3 
17 13.2 26.2 41.6 51.6 60.8 31.4 
18 12.0 29.5 46.1 52.4 55.9 31.7 
20 12.0 30.0 44.9 51.6 61.9 31.4 
21 ' 12.2 29.5 46.1 52.4 61.2 31.4 
22 12.0 29.9 44.9 58.1 61.2 
23 12.0 29.5 46.1 56.6 62.8 
25 10.3 26.6 41.6 51.6 68.6 32.1 
26 9.2 22.8 35.1 47.2 53.3 29.4 
27 9.1 23.1 36.5 52.0 28.7 
28 9.1 23.4 . 35.1 52.8 28.2 
29 9.1 23.4 35.1 53.4 29.0 
30 9.0 22.9 35.5 — 52,7 27.9 
31 9.7 23.1 35.5 41.4 29.4 
32 9.1 28.4 41.7 29.0 43.6 
33 11.2 28.0 42.4 -— 43.6 
35 11.4 28.0 43.4 —— 58.4 
^Ib per day per cu ft of digesting sLudge x 10"^ 
t>No feed 
Table 21 (Continued) 
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Digester 
Day 
1 2 3 4 5 6 
36 11.2 28.0 41.7 58.4 
37 11.2 '28.8 42.3 24.4 48.1 57.8 
38 5.9 28.0 42.3 14.4 55.4 57.8 
39 5.9 . 28.0 42.3 14.2 11.5 57.8 
40 7.5 28.4 42.3 14.2 11.7 60.0 
41 7.5 28.4 41.7 14.4 11.5 57.8 
42 7.5 28.0 42.3 14.2 11.8 58.4 
43 7.6 28.4 41.7 14.2 12.0 59.3 
44 28.4 42.8 14,4 12.5 58.4 
45 — — — —  27.7 42.3 11.0 12.5 57.8 
46 10.5 29.4 44.4 23.3 22.4 57.9 
47 — 14.4 22.5 — — — — 28.2 
48 2.5 29.7 45.9 23.2 25.1 57.1 
49 : 2.5 30.5 45.9 23.2 24.9 56.5 
50 30il 45.9 22.8 23.6 56.4 
51 — — — —  — — — — —  —  —  —  — "  •  
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Table 22, Volatile solids loading rates^. Run 3 
Digester 
Day 
1 2 3 4 5 6 
2 .  1.3 2.5 3.7 5.4 6.8 8.3 
4 1.3 2.5 3.6 5.4 6.8 8.3 
5 1.3 2.5 3.7 5.3 7.0 8.3 
6 1.3 2.5 3.8 5.4 7.1 8.5 
7 1.3 2,6 3.8 5.3 7.1 8.5 
8 1.3 2.5 3.7 5.3 6,8 8.3 
9 1.3 2.6 3.7 5.3 6,8 8.4 
10 1.2 2.6 3.7 5.3 6,8 8.3 
11 1.2 2.5 3.6 5.3 6,7 8.2 
12 1.8 3.9 5.6 7.4 9.5 11.0 
13 1.8 3.9 5.5 7.3 9.2 11.1 
14 1.8 3.6 5.2 7.0 9.0 10.8 
15 1.8 3.8 5.6 7.4 9.3 11,0 
16 1.8 3.8 5.5 7.2 9.2 11.0 
17 1.8 3.8 5.5 7.1 9.0 10.8 
18 2.0 6,1 ,5.3 7.0 8.9 10.7 
19 3.6 7.2 6.7 7.9 10.2 12.1 
20 3.5 7.1 11.3 13.3 10.2 12,3 
21 3.5 7.2 11.3 13.1 10.3 12,3 
22 3.5 6.9 11.0 12.8 10.1 12,1 
23 3.4 6.6 10.6 12.5 10.1 11,8 
24 3.3 6.5 10.4 12.1 9.9 11.6 
25 3.4 7.0 10.7 12,5 13.1 15.8 
26 3.3 6,6 10,5 12,2 12.9 15.3 
27 3.3 6.6 10.5 12.2 13.2 15.6 
28 3.4 6.8 10,6 12.7 13.6 15.3 
29 5.3 10.5 16,8 19.3 19.8 22,7 
30 5.4 10.7 17.2 20,0 20.6 23.3 
31 5.4 10.7 17.4 20,2 20.6 23.3 
32 5.7 11.2 18.0 21,0 20.7 23.3 
33 5.8 11.6 17.8 21.2 20.6 22,7 
34 5.8 11,6 18,2 21,2 20.5 23.6 
35 5.8 11.8 18,0 21,5 20.9 23.6 
36 5.8 11.6 18,2 21,2 20.5 23.3 
37 6,0 11.3 17.4 21,0 21.7 25.5 
®lb per day per cu ft of digesting sludge x 10"^ 
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Table 22 (Continued) 
Digester 
Day 
1 2 3 4 5 6 
38 6.1 11.4 17.4 21.4 21.3 25.3 
39 6.0 11.1 11.0 21.0 21.7 25.5 
40 5.6 11.5 16.6 25.8 21.2 29.5 
41 5.8 11.8 21.4 23.2 24.6 29.5 
42 6.7 13.8 19.3 24.1 30.9 34.8 
43 6.7 13.4 19.3 24.1 30.0 34.8 
44 6.7 13.8 19.7 24.1 30.9 34.8 
45 6.8 13.6 19.3 24.6 30.6 35.0 
46 6.7 13.6 19.3 23.8 31.1 35.0 
47 6.8 13.8 19.7 24,6 30.6 34.8 
48 6.8 13.6 19.3 24.8 30.9 35.0 
49 6.7 13.8 19.7 24.1 30.5 34.8 
50 9.5 19.2 28.7 38.6 50.7 59.0 
51 9.4 18.9 28.9 37.6 51.3 59.0 
52 9.4 18.9 28.9 38.6 51.3 58.3 
53 9.4 19.0 28.6 38.6 50.7 59.0 
54 9.5 19.2 28.7 37.9 50.7 57.6 
55 9.4 18.9 27.1 34.4 45.2 49.7 
56 9.3 18.9 26.8 34.8 45.1 50.4 
57 9.5 18.9 26.8 34.4 43.8 49.2 
58 9.4 18.9 28.1 37.7 49.0 56.6 
59 9.4 19.1 28.6 38.0 50.4 55.8 
60 12.1 24.4 36.4 38.4 49.0 55.0 
61 12.2 24.6 ' 36.9 37.6 50.4 55.7 
62 12.1 24.4 36.7 37.7 52.9 57.7 
63 • 12.1 24.4 37.4 38.2 26.2 57.7 
64 12.1 24.4 36.5 38.2 26.2 57.7 
65 12.4 24.4 37.0 38.2 25.9 56;-2 
66 14.6 29.8 36.5 37.8 45.7 57.7 
67 14.6 30.3 45.4 44.2 45.0 64.5 
68 15.0 29.5 44.6 44.2 45.0 65.3 
69 15.0 29.5 44.6 44.2 45.0 6513 
70 15.0 29.5 44.6 44.2 45.0 65.3 
71 15.3 30.9 46.1 43.9 44.5 65.6 
72 15.3 30.9 46.1 43.9 44.5 65.6 
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Table 23. Digester detention times^. Run 2 
Digester 
Day 
1 2 3 4 5 6 
1 12.3 25.0 38.1 44.5 47.0 53.3 
2 12.5 24.7 37.6 45.0 47.0 53.3 
3 12.2 24.7 37.6 45.0 . 65.0 . . -53.3 
4 9.9 18.8 25.5 32.0 39.0 53.3 
5 10.0 15.6 22.6 26.7 31.6 . 53.3 
6 9.9 15.8 22.9 27.0 31.6 53.3, 
7 10.0 16.0 22.9 26.3 32.0 
8 7.9 10.7 15.8 16.6 20.0 
9 8.0 10.0 13.2 13.3 . 16.0 
10 7.9 10.0 13.0 13.2 15.8 —  —  —  
11 8.0 8.0 10.0 10.0 11.4 —  —  —  —  
12 8.0 8.0 10.0 9.9 10.1 
13 7.9 8.0 10.0 10.0 10.0 
14 8.0 7.9 9.8 9.7 10.0 — — — — 
15 8.0 9.9 9.2 8.9 8.9 25.0 
16 8.0 9.7 8.8 $.8 8.8 26.0 
17 7.9 8.0 7.9 8.0 8.1 16.0 
18 8.9 7.3 7.1 7.9 8.8 15.8 
19 NO PEED 
20 8.9 7.7 7.3 8.0 Z'9 16.0 
21 8.8 7.3 7.1 7.9 8.0 —  — —  
22 8.9 7.2 7.3 7.1 8.0 
23 8.9 7.3 7.1 7.3 7.8 
24 NO PEED 
25 9.9 7.9 7.9 8.0 §'9 19.8 26 9.9 8.1 7.9 7.9 8.9 19.5 
27 10.0 8.0 7.6 8.8 20,0 
28 10.0 7.9 7.9 —  —  —  §'9 20.3 
29 10.0 7.9 7.9 8.8 19.8 
30 10.1 8.1 7.9 8.9 20.5 
31 9.8 8.0 7/8 —  — —  11.3 19.5 
32 10.0 6.6 —  —  —  16.2 13.3 
33 8.0 6.7 6.6 .  — —  13.3 
34 NO PEED 
35 7.9 6.7 6.4 —  *  — —  9.9 
^Days 
^No feed 
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Table 23 (Continued) 
Digester 
Day 
1 2 3 4 5 6 
36 8,0 6*7 6« y ———— - — 9»9 
37 8.0 6.5 6.6 8.3 10.3 10.0 
38 15.8 6.7 6.6 26.3 8.8 10.0 
39 15.8 6.7 6.6 26.6 40.5 10.0 
40 11.4 6.6 6.6 26.6 40.0 9.6 
41 11.4 6.6 6.7 26.3 40.5 10.0 
42 11.4 6.7 6.6 26.6 39.5 9.9 
43 11.3 6.6 6.7 26.6 39.0 9.7 
44 6.6 6.5 26.3 37.5 9.9 
45 —- 6.8 6.6 26.3 37.5 10.0 
46 18,7 6.1 6.2 15.8 20.7 9.9 
47 ———— 12.4 I2.2 ^ 20.2 
48 38.0 6.2 6.2 16.0 18.7 9.9 
49 38.0 6.1 6.2 16.0 19.0 10.0 
50 6.2 6.2 16.2 20.0 10.0 
51 6.2 15.8 20.0 10.0 
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Table 24. Digester detention times®. Run 3 
Digester 
Day 1 2 3 4 5 6 
2 83.20 79.0 80.0 79.0 80.0 80.0 
3 NO PEED 
4 79.0 79.0 81.0 79.0 80.0 80.0 
5 80.0 80.0 79.0 80.0 78.0 80.0 
6 80.0 80.0 78.0 79.0 77.0 78.0 
I I!:^ b 
80.0 78.0 80.0 77.0 78.0 
9 79.0 79.0 80.0 80.0 80.0 79.0 
10 81.0 79.0 79.0 80.0 80.0 80.0 
11 82.0 81.0 81.0 81.0 82.0 81.0 
12 52.7 52.0 52.7 52.7 52.0 50.0 
13 54.0 52.7 53.4 53.4 53.4 49.3 
14 54.6 56.0 56.7 55.4 54.6 51.3 
15 53.4 54.0 52.7 52.7 52.7 50.6 
16 53.4 53.4 53.4 54.0 53.4 50.6 
17 54.0 54.0 54.0 54.6 54.6 51.3 
18 33.2 33.2 55.4 56.0 54.6 52.0 
19 32.4 32.4 32.4 32.4 54.0 50.6 
20 32.8 32.8 32.0 32.0 54.0 50.0 
21 32.8 32.4 32.0 32.4 53.4 50.0 
22 33.2 34.0 32.8 33.2 54.6 50.6 
23 34.4 35.2 34.0 34.0 54.6 52.0 
24 35.6 36.0 - 34.8 35.2 55.4 52.7 
25 34.4 34.4 33.6 34.0 42.0 39.0 
26 35.2 35.6 34.8 34.8 42.5 40.0 
27 35.2 35.2 34.4 34.8 41.5 39.5 
28 34.0 34.4 34.0 33.6 40.5 40.0 
29 21.7 22.2 21.5 22.0 27.7 27.3 
30 21.2 21.7 21.0 21.2 26.6 26.6 
31 21.5 21.7 20.7 21.0 26.6 26.6 
32 20.2 20.7 20.0 20.2 26.3 26.6 
33 19.7 20.0 20.2 20.0 26.6 27.3 
34 20.0 20.0 19.7 20.0 26.6 26.3 
35 20.0 19.7 20.0 19.7 26.3 26.3 
36 20.0 20.0 19.7 20.0 26.6 26.6 
®Days 
^Digester not weighed hence can not calculate detention 
time. 
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Table 24 (Continued) 
Digester 
Day 
1 2 3 4 5 6 
37 15.8 16.0 16.0 16.0 19.7 19.7 
38 16.0 15.8 16.0 15.8 20.0 20.0 
39 16.2 16.2 16.0 16.0 19.7 19.7 
40 15.8 15.8 16.0 16.0 20.0 20.0 
4l 15.8 15.8 15.8 15.8 19.7 20.0 
42 16.0 15.8 16.0 16.0 15.8 16.0 
43 16.0 16.2 16.0 16.0 16.2 16.0 
44 16.2 15.8 15.8 16.0 15.8 16.0 
45 15.8 16.0 16.0 15.8 16.0 15.8 
46 16.2 16.0 16.0 16.2 15.6 15.8 
47 15.8 15.8 15.8 15.8 16.0 16.0 
48 15.8 16.0 16.0 15.6 15.8 15.8 
49 16.2 15.8 15.8 16,0 16.0 16.2 
50 11.3 11.3 11.4 11.3 11.4 11.6 
51 11.4 11.4 11.3 11.6 11.3 11.1 
52 11.4 11.4 11.3 11.3 11.3 11.1 
53 11.4 11.4 11.4 ' 11.3 11.4 11.3 
54 11.3 11.3 11.4 11.4 11.4 11.1 
55 11.4 11.4 11.3 11.3 11.3 11.4 
56 11.6 11.4 11.4 11.3 11.3 11.3 
57 11.3 11.4 11.4 11.4 11.4 11.6 
58 11.4 11.4 11.4 11.4 11.4 11.1 
59 11.4 11.3 11.3 11.3 11.3 11.3 
60 8.9 8.9 8.9 . 11.3 11.4 11.4 
6l 8.8 8.8 8.8 11.4 11.3 11.3 
62 8.9 8.9 8.9 11.4 11.3 11.3 
63 8.9 8.9 8.7 11.3 22'. 6 11.3 
64 8.9 8.9 8.9 11.3 22.6 11.3 
65 8.9 8.9 8.8 11.3 23.2 11.4 
66 7.4 7.3 8.9 11.4 13.3 11.3 
67 7.4 7.2 7.2 9.9 13.2 10.0 
68 7.2 . 7.4 7.3 9.9 13.3 9.9 
69 7.3 7.3 7.3 10.0 13.2 9.9 
70 7.3 7.3 7.2 9.9 13.5 9.9 
71 7.2 7.2 7.6 9.9 13.2 9.9 
72 7.2 7.2 7.6 9.9 13.2 9.9 
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Table 25. Reduction in volatile solids®. Run 2 
Digester 
Day 
1 2 3 4 .5 _ 6 
1 50.8 36.7 50.8 34.8 54.1 46.1 
8 63.2 39.8 58.3 46.0 65.5 
14 70.1 40.6 61.2 46.0 79.3 59.1 
17 33.5 33.2 38.2 46.7 86.8 11.9 
18 33.5 33.2 38.2 46.9 85.4 M 
25 33.2 33.2 38.4 48.4 25.4 19.7 
26 34.5 33.4 37.0 43.3 29.8 21.5 
32 34.5 33.4 37.0 43.3 29.5 21.5 
37 34.5 33.4 37.0 — — — — —, — — — 
38 34.5 33.4 37.0 43.3 — — — — — — — — 
39 34.5 33.4 37.0 43.3 29.8 21.5 
48 35.3 34.0 37.8 44.0 27.9 22.1 
50 35.3 34.0 37.8 44.0 27.9 22.1 . 
^Percent. See section VB for method of calculation. 
^No da ta. 
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Table 26, Reduction in volatile solids^. Run 3 
Digester 
Day 
1 2 3 4 5 6 
2 75.7 64.4 69^9 71.0 66.5 59.2 
8 78.5 71.6 73.7 75.4 70.3 62.2 
9 80.9 71.4 73.4 74.2 70.7 62.8 
13 82.3 74.3 73.6 76.4 75.7 68.7 
15 78.5 67.5 73.0 73.8 70.5 62.8 
19 78.3 69.8 71.1 72.2 71.6 65.0 
20 78.4 68.6 70.4 71.8 69:4 61.8 
22 76.7 66.1 66.1 71.1 67.1 61.5 
25 76.7 67.4 71.1 64.0 68.5 61.5 
30 75.7 66.7 70.7 72.4 69.7 62.1 
35 73.3 65.3 69.6 70.8 68.7 61.5 
38 41.2 22.1 34.8 41.1 42.1 31.0 
41 27.9 15.1 29.6 32.6 35.5 26.9 
43 61.1 54.0 55.9 54.5 47.6 36.0 
48 64.3 53.5 56.3 50.5 49.6 36.0 
51 67.3 51.7 63.9 62.0 70.6 65.9 
56 52.8 48.5 56.2 56.7 52-2 49.2. 
60 55.8 49.5 58.3 59.0 58.4 50.2 
63 60.3 51.0 61.0 59.9 57.0 53.0 
68 63.1 54.8 64.4 63.3 64.5 57.7 
70 32.9 38.2 44.3 51.4 49.7 47.5 
72 32.0 37.7 44.0 ' 51.1 49.9 47.5 
73 32.0 37.7 44.0 51.1 49.9 47.5 
^Percent. See section VB for method of calculation. 
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Table 27, Dally gas production^. Run 2 
Digester 
Day 
1 2 3 4 5 6 
1 7.6 9.4 10.4 12.3 12.1 6.6 
2 4.6 5.6 6.6 6.4 5.8 2.9 
3 8.6 10.8 12.0 11,2 10.4 4.9 
4 7.3 9.5 12.0 12.0 15.4 4.9 
5 8.9 9.5 10.6 10.3 11.1 5.1 
6 8.7 8.6 9.4 9.1 8.5 4.4 
7 9.5 10.8 11.7 10.8 10.5 4.9 
8 6 . 4 ,  9.2 11.5 10.6 10.4 7.6 
9 6.4 7.4 7.0 6.8 6.6 4.4 
10 7.1 8.0 6.9 6,2 6.2 4.4 
11 7.7 8.2 7.8 6.7 7.1 3.9 
12 6.3 5.4 6.3 4,9 3.9 5.6 
13 5.2 3.6 5.8 4,6 3.9 6.9 
14 7.2 4.7 7.7 6.0 4,8 5.4 
15 5.1 3.9 5.6 5.0 3.9 1.8 
16 5.5 5.8 6,6 5.3 4.0 2.3 
17 4.5 5.9 5.9 4,9 3.8 4.7 
18 4^6 6,2 6.3 4,8 3.8 2,2 
19 3.3 5.1 2,2 4.8 3.7 1.9 
20 3.1 4.3 4,2 4,1 2,8 1,6 
21 3.7 5.3 5.4 4,9 3.0 1.9 
22 4.0 6,1 6,1 5.3 3.2 2.0 
23 3.5y 5.4 5,6 4.5 2.8 1.9 
25 3.5 4.2 4.0 3.8 2.0 2.6 
26 3.6 5 = 1 5.1 4,1 1,8 1.8 
27 4,5 6,3 6.4 4.6 2,3 2.6 
28 4.4 6,2 6,4 4,6 2.0 2.8 
29 4.8 7.6 8.1 4.6 1,9 3.0 
30 , 4,2 6,7 7.0 4.6 1,4 2.7 
31 4.3 6.3 6.7 4,6 1,5 2,8 
32 4.6 6,6 6.8 4,6 1,1 3.0 
33 3.1 5.1 5.6 4.6 0.6 1,8 
34 3.0 5.1 5.4 4.6 0.5 1.9 
35 3.2 . 4.7 4,6 4.6 0.8 2,3 
^Cu ft per lb volatile solids added, 
^No gas measurement. 
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Table 27 (Continued) 
Digester 
Day 
1 2 3 4 5 • 6 
36 3.1 4.7 . 5.3 4.6 0.5 1.3 
37 2.9 5.2 5.5 0.8 0.6 1.2 
38 4.8 5.3 5.8 2.0 0.5 1.2 
39 4.5 5.3 6.0 4.3 0.4 1.1 
40 3.1 5.0 5.8 4.3 1.9 1.0 
41 2.9 5.0 6.0 4.3 2.2 1.1 
42 2.7 4.8 5.6 4.1 . 2.7 1.1 
43 2.3 4.8 5.9 . 4.2 3.3 1.1 
44 1.2 4.3 4.1 3.8 3.1 1.0 
45 1.2 4.3 5.3 2.7 4.0 1.5 
46 0.8 4.2 5.2 3.3 4.1 1.2 
47 0.9 4.2 5.1 2.0 1.8 1.3 
48 8.8 8.0 9.7 5.4 4.9 2.5 
49 4.7 3.6 4.5 2.6 2.3 1.2 
50 3.5 3.5 2.7 2.4 1.2 . 
51 3.0 3.4 4.4 1.5 1.4 1.0 
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Table 28. Dally gas production®. Run 3 
Digester 
Day 
1 2 3 4 5 6 
1 
2 
O 
b 
3.2 3.9 
1 CO 
1 
* 
1 CO 2.3 
1 
o
 
1 
.
 
1 OJ 
2.1 
i 6.5 6.5 5.3 3.1 3.0 3.4 
5 8.7 8.2 7.6 4.1 3.7 4.0 
6 7.9 8.1 6.5 3.9 3.3 3.8 
7 10.0 8.2 6.5 3.7 3.3 4.0 
8 26.7 18.5 15.1 ,9.6 8.4 4.6 
9 27.3 18.0 14.3 9.1 7.8 5.2 
10 21.3 12.6 10.4 6.8 5.8 5.0 
11 19.5 15.2 12.7 8.8 7.3 6.2 
12 17.2 15.0 13.5 7.1 7.7 5.3 
13 18.3 11.4 10.6 8.6 6.2 5.1 
14 11.6 13.0 11.9 9.2 6.7 3.5 
15 12.5 14.4 13.0 10.6 8.0 5.8 
16 14.2 17.1 14.5 12.5 10.2 7.6 
17 12.1 15.7 16.0 12,9 10*7 7.8 
18 13.7 16.3 16.9 l4.0 10.6 7.7 
19 8.9 11.4 17.7 15.1 11.2 8.1 
20 8.9 10.1 13.7 13.9 10.0 7.2 
21 10.2 10,5 8.5 8.9 10.3 7.3 
22 11.6 11.6 9.7 10.2 11.7 8.2 
23 10.7 11.3 9.7 10.4 11.6 7.9 
24 10.7 10.6 9.5 10.3 11.9 8.5 
25 11.5 12.6 11.3 10.3 12.9 9.2 
26 13.6 13.3 11.9 10.9 10.1 7.2 
27 12.2 12.5 11.6 10.6 10.1 7.6 
28 11.9 12.3 10.9 10.6 10.2 8.2 
29 ' 10.5 11.5 10.8 , 9.7 9.6 8.1 
30 9.7 9.4 §'5 7.2 7.0 5.9 
31 9.3 9.2 . 8.3 7.4 5.7 
32 10.7 10.9 10.0 8.6 8.3 5.6 
33 9.9 9.7 7.6 7.8 6.4 
34 10.9 11.3 10.3 8.6 8.6 7.1 
35 11.5 11.5 10.5 9.0 7.7 7.3 
®Cu ft per lb volatile solids added 
%o gas measurement. 
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Table 29. Gas quality^. Run 2 
Digester 
Day 
Sampled 
1 2 3 4 5 6 
8 72.1 66,6 65.4 73.8 69.1. 54.9 
10 73.9 65.8 65.3 70.4 60.4 
14 65.0 67.2 65.0 69.9 62.9 63.6 
15 . 57.5 67.4 64.8 65.7 60.9 63.5 
16 57.5 67.4 67.3 69.8 68.3 64.8 
17 57.9 64.1 72.1 67.3 63.1 65.7 
18 58.7 62.7 65.7 70.1 55.5 57.5 
19 56.2 64.1 61.6 60.6 54.9 53.6 
20 58.4 67.5 67.5 70.5 60.8 51.7 
21 64.6 69.8 73.8 70.7 63.1 53.0 
41 62.4 67.1 70.6 68.3 58.3 48.7 
42 61.9 67.4 68.1 64.6 57.4 49.2 _ 
43 59.3 66.9 62.4 70.4 49.8 46.8 
44 59.8 69.0 63.3 61.9 46.0 44.7 
49 63.5 63.5 57.9 46.6 44.7 44,1 
^Percent, methane. 
%o data. 
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Table 30. Gas quality^. Run 3 
Digester 
Day 
Sampled 
1 2 3 4 5 6 
11 69.0 66.7 63.0 57.6 59.7 55.8 
13 68.3 66.2 67.5 66,2 63.5 64.0 
14 68.9 66.7 65.3 63.1 62,2 59.2 
15 68,0 65.5 64.4 62,2 65.9 63.0 
16 66.3 65.5 64.8 70.7 63.1 55.1 
19 68.7 64.7 67.4 68.1 66.4 60.5 
24 66.2 71.5 71.7 65.8 69.9 62.5 
27 67.5 70.1 71.5 72.1 71.8 62,5 
30 64.9 69.3 69.9 71.4 65.3 62,1 
32 63.9 69.1 72.3 b 63.6 59.8 
35 66,0 61.4 66.9 64.7 65.1 67.8 
. 4 9  66,9 63.7 71.1 67.4 66,1 64.4 
52 67.5 63.7 65.9 73.3 68.5 61.7 
56 65.3 66.7 64.9 69.3 66,3 67.5 
61 67.9 67.4 66.2 64.2 61.7 
63 67.0 60.8 65.T 58.3 59.4 
66 65.9 61.4 66.9 64,7 65.1 67.8 
68 61.6 63.5 59.8 71.7 61.1 62.4 
^Pereenti.ime thane. 
^No data 
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Table 31. Volatile acids In digesting sludge^. Run 2 
Day 
Digester 
Sampled 
1 2 3 4 5 6 
,3 30 b 130 250 100 4700 
43 1220 730 570 3660 6660 6080 
44 1330 810 770 3200 5800 5800 
51 950 3970 4730 7880 11740 13880 
Table 32, Volatile acids In digesting sludge^, Run 3 
Day 
Digester 
Sampled 
1 2 3 4 5 6 
5 540 695 l460 1760 2020 1840 
6 590 830 2020 3450 2800 2690 
7 480 750 1730 y 2540 2540 2220 
11 100 425 1480 2220 2410 2340 
14 190 460 1230 1680 1830 2280 
18 l4o 250 620 1070 1290 2080 
20 130 190 530 11700 1790 2950 
24 l4o 220 460 330 810 2870^ 
26 4o 210 410 380 270 .b 
29 120 330 480 490 500 3060 
30 170 270 600 650 500 3150 
34 140 190 430 460 680 2960 
^Fig/l as acetic acid 
^No data 
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Table 32 (Continued) 
Digester 
Day . 
Sampled 
1 2 3 4 5 6 
130 390 550 570 580 2990 
44 90 110 240 350 450 1400 
48 60 360 490 410 480 . 1230 
51 120 . 120 350 180 64o 1720 
53 — — — M M M 540 1610 3330 
55 180 330 640 430 1590 3500 
56 270 390 560 560 1580 3430 
59 130 110 390 320 1560 4260 
63 70 390 790 570 4110 5160 
66 280 630 1080 450 4970 5680 
Table 33. Digesting sludge 
1 i 3. 
Digester 
Day 
Sampled 
1 2 3 4 5 6 
11 7.85 7.8 7.7 7.6 7.55 6.9 
19 7.8 7.7 7.55 7.55 7.5 7.2^ 
26 8.0 7.8 7.8 7.7 7.8 3 
53 6.85 7.0 7.0 7.0 6.95 6.8 
64 7.1 7.15 7.05 7.2 6.9 6,9 
70 6.5 6.65 6.6 6.95 6.45 6.6 
^No data 
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Table 34, Alkalinity of digesting sludge^. Run 3 
Day 
Sampled 
Digester 
19 1435 2250 2930 3170 3550 4010 
26 1600 2500 3300 3900 4300 
53 1600 2600 3400 4500 4800 
64 1500 2900 3800 5100 6900 8000 
^Mg/l as calcium carbonate 
^No data 
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Table 35.' Time requirements 
analyses In this 
for the various operations and 
study2 
Operation or Time required 
analysis (hours) 
Remarks 
Raw sludge collection 
and storage 
9 Sufficient for 
20 days 
Raw sludge thickening 
and storage 
2 b 
72 ° 
Sufficient for 
l4 days 
Peed sludge preparation Thawing and 
make-up 
Digester feeding and 
clean up 3 
Gas pressure 0.4 
Gas analysis 0.25 
pH 0.25 
Volatile acids 2 b 
3° 
Alkalinity 1.25 
Total and volatile solids 
a| ï  
Qualitative volatile 
acids analysis r  
Dewatering test 4-6 
Equipment maintenance 1 per day 
^Por six digesters. 
^Actual working time. 
°Time from start to end of the analysis ; • ' -
Figure 34. Computer program for calculating carbon dioxide 
dissolved in sewage sludge. (Fortran II) 
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DIMENSION PRESS (100),RATI0C100),GAS V(100),V S A(100),V S D(IOO), 
IV PER A(100),V Per D(100),DATA(15),ID(9) 
COMMON NO PTS, KWIT,I,ANSWR,ID 
1 READ INPUT TAPE 1,199,N0 PTS, CID(J),J=1,9) 
IF(ID(l)-8283767700) 2,999,2 
2 K FULL = NO PTS/15 
KARDS = K FULL 
K REM = NO PTS - 15*K FULL 
IF(K REM) 4,4,3 
3 KARDS = KARDS +1 
4 NO CDS = 5*KARDS 
DO 11 K = 1,N0 CDS 
READ INPUT TAPE 1,198, KIND, INDIC, (DATA(J),J = 1,151) 
J2 = 15*INDIC 
J1 = J2 - 14 
1 = 1 
DO 10 J = J1,J2 
GO TO (5,6,7,8,9),KIND 
5 PRESS(J) = DATA(I) 
GO TO 10 
6 RATIO(J) = DATA(I) 
GO TO 10 
7 GAS V(J) = DATA(I)/100.0 
GO TO 10 
8 V S A(J) = DATA(I)/100.0 
GO TO 10 
9 V S D(J) = DATA(I)/100.0 
10 I = I + 1 
11 CONTINUE 
WRITE OUTPUT TAPE 2,299,(ID(J),J = 1,9) 
DO 12 K = 1,N0 PTS 
STP V = 0.00281*PRESS(K)*RATIO(K) 
TOT V = GAS V(K) + STP V 
V PER A (K) = TOT V/V S A(K) 
V PER D(K) = TOT V/V S D(K) 
12 WRITE OUTPUT TAPE 2,298, PRESS(K),RATIO(K),GAS V(K),V S A(K), 
IV S D(K),STP V,TOT V,V PER A(K),V PER D(K) 
CALL MEAN (1,V PER A(l)) 
CALL MEAN (2,V PER D(l)) 
GO TO 1 
999 STOP 
299 FORMAT (1H1/1H0/15X,22HV0LUME CORRECTION FOR ,9A5/1H0/15X,56HC02 
1 MEASURED V. S. V. S. C02 CORRECTED,2(15H GAS VO 
2L./LB.)/2X,100H PRESSURE RATIO GAS VOL. ADDED DESTROYED A 
3BS0RBED GAS VOL. V. S. ADDED V. S. DESTROYED /IHO) 
298 FORMAT (IH ,F10.1,6F10.5,2F15.1) 
199 FORMAT (IS,30X,9A5) 
198 FORMAT (I1,I4.15F5.0) 
END 
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SUBROUTINE MEAN (L,ARRAY) -
COMMON NO PTS,KWIT,I,ANSWR,ID 
DIMENSION ARRAY(100),ANSWR (100),ID(9) 
L = L 
DO 3 I = 4,7 
PTS = I 
J1 = 0 
J2 = 0 
KWIT = NO PTS - I + 1 
DO 2 II = 1,KWIT 
SUM = 0 
J2 = J1 + I 
J1 = J1 + 1 
DO 1 J = J1,J2 
1 SUM = SUM + ARRAY(J) 
2 ANSWR(II) = SUM/PTS 
CALL PRINT (L) 
3 CONTINUE 
RETURN 
END 
SUBROUTINE PRINT (L) 
DIMENSION ANSWR(100),IDC9) 
COMMON NO PTS,KWIT,I,ANSWR,ID 
GO TO (1,2),L 
1 WRITE OUTPUT TAPE 2,299,1,(ID(JJ),JJ=1,9) 
GO TO 3 
2 WRITE OUTPUT TAPE 2,298,1,CID(JJ),JJ=1,9) 
3 K = KWIT/4 
IFCKWIT - 4*K) 5,5,4 
4 K = K + 1 
5 DO 7 N = 1,K 
KK = N + 3 K 
IFCKWIT - KK) 6,7,7 
6 KK = KWIT 
7 WRITE OUTPUT TAPE 2,297,(ANSWRCJ),J = N,KK,K) 
RETURN 
299 FORMAT (1H0/1H0/1H0,5X,I5,21H DAY MOVING MEAN FOR ,9A5,31H Gas VOL 
LUME PER LB. V. S. ADDED/IHO/) 
298 FORMAT (IHO/IHO/IHO,5X,15,2IH DAY MOVING MEAN FOR ,9A5,35H GAS VOL 
LUME PER LB* V. S. DESTROYED/IHO/) 
297 FORMAT (IH ,4(15X,F5.1)) 
END 
